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Abstract 
Columnar mesophases of discotic liquid crystals (DLCs) are a separate class of 
organic semiconductors. Anisotropic charge transport, high charge carrier mobility, and 
self-organizing properties have been regarded as superior properties of DLCs but their 
performance in devices, such as organic light-emitting diodes, has been inferior to the 
best performing conventional organic semiconductors. 
Our group recently demonstrated that a DLC of donor-acceptor structure can bias 
electron over hole conduction if the occupied and unoccupied frontier orbitals are 
localized on different parts of the molecule and only the unoccupied frontier orbitals 
electronically interact in columnar stacks. This thesis describes the first systematic 
approach to different types of donor-acceptor DLCs and the investigation of their 
mesomorphism and optoelectronic properties. 
In spite of their large aspect ratios, four board-shaped donor-acceptor-donor 
quinoxalinophenanthrophenazine (QPP) dyes (Chapters 2 and 3) induce complex 
columnar mesomorphism over wide temperature ranges. These QPP derivatives also 
show strong fluorescence in solution and as thin films. This strong fluorescence in 
columnar mesophases is explained with a nonparallel orientation of the elongated donor-
acceptor cores in the columnar stacks that minimizes interactions between transition 
dipole moments of co-facially stacked molecules. Opto-electronic properties suggest that 
the QPP derivatives are organic semiconductors.  
Inspired by the donor-acceptor concept, we generated novel ionic DLCs based on 
imidazole and imidazolium structures (Chapter 5). Unexpectedly, only the ionic 
triphenylenoimidazolium derivatives display columnar mesomorphism. Strong ionic 
interactions between the cores are apparently required for the formation of columnar 
mesophases. Overall, these compounds are rather unusual because few ionic DLCs 
have the charge localized on the aromatic core. Most often the charged group is 
vi 
attached via spacer chains. A first review (Chapter 4) dedicated to thermotropic ionic 
DLCs was published in the Isr. J. Chem. 
Finally, two star-shaped donor-acceptor DLCs based on a hexaazatriphenylene core 
(Chapter 6) are reported that display columnar mesomorphism over wide ranges of 
temperature. The initial microwave conductivity data indicate that both compounds are 
probably electron conductors and ToF mobility measurements are presently conducted 
to verify this conclusion. 
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Chapter 1. Introduction  
1.1. General Concept of Liquid Crystals (LCs) 
The classical rod-like liquid crystals (LCs) were first observed by Friedrich Reinitzer in 
1888. After heating to a specific temperature, an anisotropic solid phase turns into an 
anisotropic intermediate phase (a “mesophase”), before transitioning into an isotropic 
fluid (Figure 1:1a).1 This mesophase resembles a fluid in nature and possesses 
anisotropic physical properties due to the orientational order of its molecules. Since this 
mesophase exhibits both the fluidity of liquids and anisotropic properties of crystals, this 
intermediate phase was and is referred to as a liquid crystal. Many LC phases have been 
described since then and fall into two main groups: thermotropic and lyotropic LCs1 
(Figure 1:1b)  
Figure 1:1 a) Different states of matter depending on temperature; b) Classification of LCs.  
 
Thermotropic LCs, either as pure compounds or as mixtures, occur at specific 
temperatures in solvent-free circumstances, while lyotropic LCs are an amphiphilic 
mixture comprised of at least one suitable solvent, forming LC phases at specific 
temperatures and concentrations. LCs are further subcategorized based on their 
molecular structures, such as rod-like, disc-like or banana-like, or their supramolecular 
structures, such as nematic, smectic, lamellar, columnar or cubic. To date, hundreds of 
books and scientific articles have described the synthesis of LCs, their properties, and 
their applications. This introduction focuses on molecular design, mesomorphism, 
characterization, and electronic properties of discotic liquid crystals (DLCs), the main 
subject of this thesis.  
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1.2. What is A Discotic Liquid Crystal (DLC)? 
DLCs were first discovered by Chandrasekhar in 1977.2 Since they differed markedly 
from classical rod-like LCs, in a broad sense, these self-organized and disk-like 
molecules emerged as an entirely new class of LC. Structures of typical DLC consist of a 
rigid discotic core surrounded by 3-12 saturated aliphatic chains. DLCs preferentially 
form face-to-face columnar stacks due to attractive stacking forces between the cores 
(e.g. dipolar, H-bonding, and π-π stacking interactions) and microphase segregation 
between the aromatic cores and peripheral flexible side-chains. The other function of 
peripheral side-chains is to influence melting points and induce fluidity. Linking groups 
influence the properties of side-chains because they define the geometry and flexibility of 
their attachment, but are often considered as a part of the core. The liquid crystalline 
state is defined by an overall liquid-like (amorphous) state of the side-chains, which 
provides even the 2-dimensionally ordered columnar liquid crystal phases of DLCs with 
self-healing properties.3 Some DLCs display nematic4 and lamellar,5 mesophases in 
addition to the most common columnar5-9 mesophases and some cubic10 mesophases 
have also been reported.  In contrast to many calamitic liquid crystals, most DLCs exhibit 
only one of the main types of mesophases.3,6 However, DLCs that display columnar 
mesomorphism regularly display more than one type of columnar mesophase (referred 
to as columnar polymesomorphism). 
1.3. Classification of Discotic Columnar Phases 
Columnar mesophases of DLCs are categorized based on their different 2-D 
crystallographic lattices that are defined by the special arrangement of the columnar 
stacks and the relative orientation of discotic molecules in these columnar stacks. S. 
Kumar6 reported six different columnar DLC phases: hexagonal columnar (Colh), 
rectangular columnar (Colr), helical (H), columnar oblique (Colob), columnar plastic (Colp), 
and columnar lamellar (Coll) (Figure 1:2). The H phase has quasi 3-D order and is better 
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described as a soft-crystal mesophase and Colr phases can be subdivided into three 
different lattices based on their differences in symmetry. 
 
Figure 1:2 Six different columnar DLC phases: hexagonal columnar (Colh), rectangular columnar (Colr), 
helical (H), columnar oblique (Colob), columnar square/tetragonal (Coltet), and columnar lamellar (Coll). 6 
 
1.4. The Characterization of Columnar Mesophases 
The mesomorphism of DLCs, like all other liquid crystals, is studied by polarized optical 
microscopy (POM), differential scanning calorimetry (DSC), and variable temperature X-
ray diffraction (XRD). Other, but less common, techniques for the investigation of DLCs 
include solid state NMR, dilatometry, dielectric spectroscopy, and electron diffraction. 
POM is the most sensitive method for the observation of transitions between different 
condensed phases and, consequently, is often performed as the first characterization 
step.3,10-12 A small amount of a compound (0.5 mg or less) is usually sandwiched 
between two glass slides and viewed in transmission mode under crossed polarizers. 
The sample is placed in a special heating stage for variable temperature work. Nematic, 
lamellar, columnar, and cubic mesophases can often be identified by their characteristic 
defect textures but a distinction between, for example, different columnar mesophase is 
only possible in specific cases. The Colh mesophase generates the most distinct textures 
and is best identified by dendritic textures of hexagonal symmetry and the pseudo-
isotropic appearance of homeotropically aligned domains. Both are not observed for 
biaxial Colr and Colob mesophases.  
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DSC requires 1-2 mg of compound and the quality of the obtained data depends on the 
purity of sample, its distribution in the aluminum crucible, and the heating/cooling rates. It 
is the method of choice for the determination of transition enthalpies, the reversibility and 
kinetics of transitions, and to distinguish between first-order and second-order (including 
glass transitions) thermodynamic transitions. Transition enthalpies calculated from the 
integrated peaks reveal information about the relative changes in structural order at the 
phase transition. A large transition enthalpy indicates major changes in molecular 
arrangement and dynamic (e.g. crystalline to liquid crystalline), while small transition 
enthalpies are characteristic of transitions between different crystal phases or different 
liquid crystal phases.3,13-17 
The supramolecular organization and the corresponding packing parameters of each 
phase are best analyzed by XRD. This technique reveals detailed information on the 
intra- and intercolumnar packing order and allows for the determination of intra- and 
intercolumnar stacking distances.1,3,10,18 Characteristic diffraction patterns of the most 
common columnar mesophases are described in the following. 
1.4.1. Hexagonal Columnar Mesophase (Colh)  
Hexagonal columnar mesophases are usually abbreviated as Colho or Colhd, where ho 
and hd denote “hexagonal ordered” and “hexagonal disordered” stacking, respectively. 
The stacking order refers to the intracolumnar stacking and differentiates between short 
correlation length (<10 molecules) and long correlation length (>>10 molecules). The 
planar space group of a Colh mesophase is P6/mmm.19,20 The typical X-ray diffraction 
pattern (XRD) of Colh shows four diffraction rings whose spaces are in the ratio of 
1:1/√3:1/√4:1/√7, along with up to two broad peaks in the wide-angle range (Figure 1:3). 
Colh phase with a clear reflection for the intracolumnar stacking (core-core) are 
considered Colho phase. The common optical textures of Colh mesophases are spherulite, 
fan-shaped, and dendritic (Figure 1:4).1 
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Figure 1:3 Typical x-ray diffraction pattern of columnar hexagonal phase and its intensity vs. diffraction 
angle profile.1,19,21 
 
   
Figure 1:4 The common optical textures of columnar mesophases: spherulite (left),22 fan-shaped (middle),23 
and dendritic (right).22 
 
1.4.2. Rectangular Columnar Mesophase (Colr) 
Colr mesophases require a tilted orientation of the discotic molecules with regard to the 
columnar stacking axis and, consequently, are of higher order than Colh mesophases. 
They are often observed in mesophases with strong π-π interactions. 
Crystallographically, Colr mesophases are divided into three different planar space 
groups: P21/a, P2/a, or C2/m (Figure 1:5). In X-ray diffraction patterns, two strong 
reflections (due to the splitting of the (10) reflection of the hexagonal lattice) in the small 
angle region are the signature reflections of Colr phases (Figure 1:6).1 The most 
common texture of the Colr mesophase is broken fan-shaped.24 
 
Figure 1:5 Structure of columnar rectangular phase and different types of rectangular columnar phases: (a) 
Colr(P21/a), (b) Colr(P2/a), (c) Colr(C2/m).
1 
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Figure 1:6 Typical x-ray diffraction profile of columnar rectangular phase.25 
 
1.4.3. Oblique Columnar Mesophase (Colob) 
This mesophase is rare because it requires even stronger π-π interactions than 
columnar rectangular mesophases. Usually, the average of the planes of the discotic 
molecules is not vertical to the columnar axes, meaning tilt angles exist along the 
columns. The space group is P1, so there are no reflection conditions as for the previous 
planar space groups. The x-ray diffraction pattern often displays three intense peaks in 
the low-angle region (Figure 1:7). Fan-shaped textures and spiral textures are typical of 
Colob phases.24 
 
Figure 1:7 Typical x-ray diffraction profile of columnar oblique phase.26 
 
1.4.4. Helical Columnar Mesophase (H) 
This mesophase consists of helical order stacking within columns. The helical period is 
incommensurate with the intracolumnar spacing and there exists a three-column super 
lattice, in which the third column is vertically replaced by half an intracolumnar distance 
with regard to the other two columns.1,27 
1.4.5. Lamellar Columnar Mesophase (ColL) 
7 
In this mesophase, columns of stacked discotic molecules are arranged in layers, but 
there is no positional symmetry between the columns in different layers and the columns 
within layers can slide.28 The x-ray diffraction pattern is shown in Figure 1:8. The 
spacing in a low angle is in the ratio of 1:2:3. The wide angle reflection stands by 
columnar organization of molecules in the layers. 
 
Figure 1:8 Typical x-ray diffraction profile of columnar lamellar columnar mesophase.29 
 
1.4.6. Square/Tetragonal Columnar Mesophase (Coltet) 
In the rare Coltet phase, columns are upright in a square lattice, and this has been 
observed for some sugar and phthalocyanines derivatives. Dendritic defect textures are 
typically observed by POM and the small angle x-ray diffraction patterns show (10) and 
(11) reflections with a reciprocal spacing ratio of 1:√2.30 This uniaxial phase is usually 
disfavoured with regard to the more dense hexagonal packing but a tetragonal 
arrangement is apparently preferred for very specific packing conditions of the cores and 
side-chains. 
1.5. Structure-Mesomorphism Correlations in DLCs 
DLCs display a range of different columnar mesophases of which the most common 
phases were presented above. Which types of columnar mesophases a discotic 
molecule displays is encoded in the chemical structure of the molecule and the following 
part intents to correlate specific chemical structures with the formation of specific 
columnar mesophases. An exact analysis of the driving forces causing columnar self-
organization is complex and requires computational studies on each specific system.31,32 
Nevertheless, some general rules and simple structure-mesomorphism relations may be 
extracted from the vast number of experimental studies.1 
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The most fundamental driving force for self-organization is microphase segregation 
and ubiquitously observed in surfactants, liquid crystals, and block co-polymers.33,34 In 
neutral thermotropic liquid crystals microphase segregation between aromatic cores and 
aliphatic or other types of side-chains is often the dominant driving force for self-
organization. This segregation is also considered to be the main driving force for the 
formation of columnar mesophase whereas attractive π-π stacking forces between 
aromatic cores are often small unless they are supported by charge transfer,35 dipole-
dipole,36 or H-bonding interactions.37,38 
A minimization of elastic energy by interfacial curvature often determines the topology 
of the interface between microphase segregated domains, a lamellar (smectic) structure 
has zero interfacial curvature, and is the reason for the formation of columnar 
mesophases in phasmidic,39,40 dendritic,41 and lyotropic liquid crystals34 as well as block 
co-polymers34 and liquid crystals containing more than two different molecular parts that 
microphase segregate.33,34 Conventional DLCs have an interfacial curvature built into the 
molecular structure. Consequently, the formation of smectic mesophases has not been 
observed, although some columnar lamellar phases have been reported,28,29 and 
mesophases with curved interfaces (e.g. columnar and cubic) are almost always 
observed.42 
Structurally, the mesomorphism of DLCs can be controlled by the alteration of their 
core structures (size, aspect ratio, and symmetry), side-chains (type, size, and 
substitution pattern) and attached functional groups (linking groups between side-chains 
and core, H-bonding groups, and groups that introduce strong dipolar interactions). The 
following part will give examples of how changes to these three structural units of DLCs 
affect their columnar mesomorphism. 
The least ordered columnar mesophase has hexagonal symmetry (Colh) and is 
displayed by most DLCs.1 Colh mesophases may be subdivided by their degree of 
intracolumnar stacking order but this distinction is vague and usually based on the 
observation or absence of a reflection peak for the intracolumnar packing in the XRD 
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patterns. In contrast, higher ordered columnar mesophases of hexagonal symmetry, 
such as the plastic columnar30 and helical columnar phases27, are distinct mesophases 
of quasi 3-dimensional positional order. 
 
Figure 1:9 Chemical structures of DLC 1 and 2. 
 
Because the Colh mesophases are so abundant the remaining description will focus on 
molecular designs of DLCs that do not, or not only, display Colh mesophases. The 
formation of higher ordered rectangular columnar mesophases (Colr) generally requires 
stronger stacking interactions. This can be induced in DLCs of small in-plane aspect 
ratios by simple reduction of the packing volume of the side-chains as this increases the 
stacking interactions. This has been demonstrated for octaalkylthio-substitued 
phthalocyanines 1 that display Colh mesophases with chain lengths of 8 carbon chains or 
longer but Colr for chain lengths of less than 8 carbon atoms (Figure 1:9).43 However, 
this approach is not generally applicable since hexaalkoxy triphenylene derivatives 2; for 
example, do not display Colr mesophase when the side-chains are shortened but higher 
ordered Colh mesophases.1,44 Similarly, an increase in core size does not necessarily 
induce Colr phases although the cofacial stacking forces between the aromatic cores 
increase. This is reasoned with a less perfect (shifted) columnar packing of aromatic 
cores of larger sizes.45 In fact, very large aromatic molecules with very short or no 
aliphatic side-chains are more likely to form discotic nematic instead of discotic columnar 
mesophases as it is observed in carbonaceous mesophases.40 
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Figure 1:10 Chemical structures of pyrene derivatives 3 (a) and symmetric and asymmetric triphenylene 
derivatives (b). 
 
A larger in-plane aspect ratio, e.g. a distortion from a disc to an oval shape, should also 
promote Colr over Colh phases and has been observed in pyrene derivatives 3 (Figure 
1:10a).46,47 However, the interplay between core shape and pattern of attachment of the 
side-chains is equally important and may induce Colh mesophases as observed for the 
QPP molecules in Chapters 2 and 3. The influence of lowering the symmetry of DLCs 
has been studied especially by Williams (Figure 1:10b).48 Lower symmetry especially 
lowers melting temperatures but not clearing temperature, however, most compounds 
display Colh mesophases and no higher ordered columnar mesophases. 
The influence of linking and other functional groups is rather complex and depends on 
the symmetry and type of the core structure. In general, stacking forces between cores 
increase when dipolar groups, such as ethers or carbonyl groups, are attached to the 
core because of attractive dipolar interactions. In fact, triphenylenes with alkyl groups 
directly bond to the aromatic core are not DLCs while the analogous derivatives with 
ether linking groups are DLCs.49 So, dipolar linking groups attached to the core may 
promote higher ordered Colr over Colh phases, which has been observed for DLCs 4 and 
5 based on a phthalocyanine core (Figure 1:11).38 However, functional groups that 
generate intracolumnar H-bonds, such as amide groups 6, usually stabilize helical Colh 
phases because of their strong directionality and often high symmetry of attachment.37 
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Figure 1:11 DLCs based on phthalocyanine core 4-5 and containing amide groups 6. 
 
Few examples of DLCs that display other higher ordered mesophases such as 
columnar oblique,24,26 tetragonal,30 and lamellar28 mesophases as well as cubic50 
mesophases exist, which makes it impractical to draw general conclusions on structure-
mesomorphism correlations. Ohta has generated all of these phases by changing the 
substitution patterns of phthalocyanines, introducing hydrogen bonding, and metal-ion 
coordination.50-59  A discotic phthalocyanine that displays exceptional polymesomorphism 
is shown in Figure 1:12. Interestingly, the less ordered Colh is displayed at lower 
temperature than the higher ordered Colr mesophases.  
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1.6. DLCs as Organic Semiconductors 
Early in DLC research, most chemists studied only the relationship between the 
molecular structure and properties of the mesophase. In 1994, Haarer et al. 
demonstrated that columnar mesophases may possess high charge carrier mobility 
along the column axes.60 Since then it has been realized that DLC materials have high 
potential for application as organic semiconductors in organic electronic and 
optoelectronic devices. The driving force for formation of the columnar mesophases are 
shape anisotropy,61-63 micro-segregation between aliphatic chains and the rigid core,33 
and van der Walls attractions among cores.64 However, it is the π-π stacking that 
facilitates conduction of charge carriers (electrons and holes) along the columnar stacks. 
The magnitude of charge carrier mobility is influenced by the degree of order and π-π 
overlap between frontier orbitals within columnar stacks. 
The phase transition from crystalline to the LC phase is accompanied by a significant 
increase in molecular dynamics, such as the rotation of the disks about the columnar 
axis and lateral and axial displacement of the disks, which lowers the intrinsic charge 
carrier mobility.65 However, macroscopically aligned monodomains of columnar liquid 
crystal phase achieve much higher mobility values than polycrystalline films of the same 
material. This can be reasoned with the formation of charge trapping sites at grain 
boundaries and difficult to obtain aligned single crystal domains would be required to 
avoid this problem. Another advantage of liquid crystalline mesophases is their self-
healing of structural defects. DLCs of high charge-carrier mobility (>0.1 cm2V-1s-1) have 
been successfully tested in organic electronic devices such as light-emitting diodes 
(LED), field-effect transistor (FET) and photovoltaic (PV) solar cells.66,67 
One important limitation of their use in organic electronic devices is the anisotropic 
character of the transport of charge carriers. Transport is fast only along the columnar 
stacks (stacking distance around 3.5 Å) while the transport is at least 103 times slower 
perpendicular to the columnar stacks because of their separation due to insulating 
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flexible side-chains. Typical intercolumnar distance are in the order of 20-40 Å (Figure 
1:13).1,6-8  
 
Figure 1:13 Schematic view of charge migration in a hexagonal columnar mesophase.6 
 
Therefore, columnar mesophases must be aligned into monodomains if applied in 
electronic and optoelectronic devices (e.g. OFET, OLED and OPV) since high the charge 
carrier mobility is a crucial factor for optimum performance. Depending on the device 
geometry one can distinguish between two different required alignments (Figure 1:14): 
(a) the homeotropic alignment, where the molecules have a face-on orientation on the 
substrate and the axes of the columnar stacks are perpendicular to the substrate; and (b) 
the planar/homogeneous alignment, where the molecules have edge-on orientation on 
the substrate and the axes of the columnar stacks are parallel to the substrate. The 
homeotropically aligned DLCs are required light-emitting diodes (LED) and photovoltaic 
(PV) solar cells, while DLCs with planar alignment are mainly used in field-effect 
transistors (FETs). 
 
Figure 1:14 Schematic representation of (a) homeotropic and (b) planar/homogeneous alignment 
configurations of DLC phases.1  
 
The current problem is that neither of these alignments is easily obtained. Alignment 
control techniques such as zone casting and Langmuir-Blodgett (LB) techniques 
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generate columnar phases with planar alignment but no generally applicable alignment 
techniques exist for homeotropic alignment. The alignment of triphenylene, 
phthalocyanine, and hexabenzocoronene (HBC) derivatives has been mostly examined, 
because they form both homeotropically or homogeneously aligned domains.68-75 
1.7. Photophysical Properties of DLCs 
Many DLCs are dyes but only weakly fluoresce. This is because strong 
interchromophoric interactions forming in DLC stacks76 quench the fluorescent quantum 
yield. The face-to-face (cofacial) stacking of aromatic cores in columnar phases does not 
favor high fluorescence quantum yields if H-aggregates are formed in which the lowest 
excited state is not optically coupled to the ground state (Figure 1:15a).77 In order to 
prevent fluorescence quenching, one effective approach is to rotate the chromophores 
about the column axis, making the transition dipoles preferentially perpendicular to 
inactivate the excitonic coupling (Figure 1:15b).78 Guided by this concept, different 
groups have recently synthesized highly fluorescent columnar mesophases of DLCs79-82 
with weak interchromophoric interactions.  
 
Figure 1:15 Exciton energy diagrams for a cofacial and perpendicular dimer. a) Parallel (cofacial) transition 
dipoles; b) Perpendicular transition dipoles. The transition from the ground state to the lowest excited state is 
forbidden in the co-facial dimer though there is a significant transition dipole moment μ between the two 
states in the isolated monomer; this effect is prevented in the perpendicular dimer where the two states are 
not coupled.83  
 
1.8. Synthesis of Polycyclic Aromatic Hydrocarbons (PAH) 
Some specific polycyclic aromatic compounds can be isolated from coal tar and 
petroleum, but most known structures are generated by organic synthesis. The following 
section describes important reactions for the creation of PAH core structures and 
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representative reaction pathways to discotic liquid crystals based on triphenylene, 
pyrene, and hexaazatriphenylene cores.  
1.8.1. Intra- and Intermolecular Diels-Alder Reaction  
This is one of well-known syntheses for creating carbon-carbon bonds. One typical 
example is the generation of a pentacene derivative from maleic anhydride and 
benzoquinone.84 
 
Scheme 1:1 Example of Diels–Alder cycloaddition for the synthesis of PAHs. 
 
1.8.2. Ring-Closing Olefin Metathesis (RCM) 
In contrast with palladium-catalyzed cross-coupling, by which aryl-aryl σ-bonds are 
produced, this reaction is catalyzed by a transition metal such as Ru to form double 
bonds in cyclic organic compounds. The example is as follows:85 
 
Scheme 1:2 Double RCM synthesis of acenes. 
 
1.8.3. Electrophilic Cyclization 
This strategy also involves a cyclization of aromatic alkynes by metal-catalyst 
(RuPPh3(cymene)Cl2 or TpRuPPh3(CH3CN2)PF6)86 
 
Scheme 1:3 Examples of benzannulation and electrophilic cyclization. 
 
1.8.4. Intramolecular Photocyclization  
This synthesis involves one or multiple photoinduced ring closures for the preparation 
of condensed PAHs.87 
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Scheme 1:4 Synthesis of Intramolecular photocyclization. 
 
1.8.5. Flash-Vacuum Pyrolysis (FVP) 
This synthesis is run at high temperatures with a short time period. The crucial 
requirement is that the starting agents have suitable thermal stability and reactive sites.88 
 
Scheme 1:5 Synthesis of corannulene by FVP method. 
 
1.8.6. Oxidative Cyclodehydrogenation (Scholl Reaction) 
This synthesis involves an inter- or intramolecular coupling of aromatic rings in the 
presence of a Lewis acid oxidant such as FeCl3.89 
 
Scheme 1:6 General synthesis of oxidative cyclodehydrogenation (Scholl reaction). 
 
1.8.7. Synthetic Approach to Pyrene Cores 
Usually, pyrene is commercially available and is capable of forming several pyrene 
derivatives through oxidation and electrophilic aromatic substitution.83 These pyrene 
derivatives are able to function as precursors to form other pyrene-based derivatives by 
Suzuki coupling reactions, condensations, and so on.88,89  
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Scheme 1:7 Synthetic approach to pyrene cores. 
 
1.8.8. Synthetic Approach to Triphenylene (TP) Cores 
This synthesis is followed by oxidative coupling of a dialkoxybenzene in the presence 
of strong acid.90-92 The Scholl reaction, to cyclize products, is also favored. To date, the 
most commonly used oxidizing reagents are MoCl3, VoCl3, or FeCl3 in the presence of 
dichloromethane and nitromethane.93-100 
 
Scheme 1:8 Synthetic approach to triphenylene (TP) cores. 
 
1.8.9. Synthetic Approach to Hexaazatriphenylene (HAT) Cores 
This synthesis usually involves a condensation reaction with a hexaone derivative and 
an ortho-diamino derivative101, or a hexamine derivative and a dione derivative.102,103   
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Scheme 1:9 Synthetic approach to hexaazatriphenylene (HAT) cores. 
 
1.9. Motivation  
Recent computational studies provided an enhanced understanding of how molecular 
structure and directed intermolecular interactions enhance or diminish electronic and 
optical properties of a compound in a condensed phase. Columnar liquid crystal phases 
are ideal systems for testing these hypotheses because the intermolecular interactions 
between their molecular building blocks can be controlled to a large degree, although 
they are dynamic. 
Objective of this thesis is to expand on our recent finding that electron and hole 
transport can be biased in columnar stacks if the occupied and unoccupied frontier 
orbitals (donor-acceptor structure) are located on different parts of a discotic molecule 
and the columnar stacking of these molecules allows only one of the two parts (donor or 
acceptor) to electronically interact. This was achieved with the help of H-bonding in our 
first and only example and my goal here is to develop donor-acceptor type discotic liquid 
crystals that preferentially conduct electrons for the same reason but do not require H-
bonding and can be processed into thin films of aligned monodomains. 
Besides the overall goal described above, this thesis will explore aromatic systems of 
different structures and shapes for the preparation of donor-acceptor discotic liquid 
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crystals that have donor and acceptor properties located on different parts of the 
molecules.  Also investigated is whether a conjugated or non-conjugated attachment of 
donor and acceptor parts influences the optical and electronic properties at the molecular 
and supramolecular levels. Finally, other properties such as absorption, emission, red/ox 
potential will be probed and correlated with the differences in molecular donor-acceptor 
structures and supramolecular arrangements in columnar mesophases. 
Ultimately, the new findings of this thesis are expected to enhance materials properties 
of columnar mesophases and advance their development for applications in organic 
electronics.   
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Chapter 2. Columnar Mesomorphism of Fluorescent 
Board‒Shaped Quinoxalinophenanthrophenazine 
Derivatives with Donor‒Acceptor Structure 
2.1. Introduction 
The quinoxalino[2’,3’:9,10]phenanthro[4,5‒abc] phenazine (QPP) core (1) has been 
used in the design of organic semiconductors,1-3 sensors,4,5 nanofibers,6,7 and EPR spin-
label8 because of its high rigidity, thermal stability, electronic, and optical properties 
(Figure 2:1). A common goal of several reports has been the conversion of 1 into 
columnar liquid crystalline derivatives via the attachment of flexible side‒chains (2).2,9-12 
However, a large number of the reported derivatives display (lamellar) soft crystal 
phases rather than columnar liquid crystal phases because of their large aspect ratios 
and the attachment of only two side‒chains to each end of the molecule (tetracatenar 
motive). 
 
Figure 2:1 QPP core 1 and previously described tetraalkoxy and tetraalkylthio‒substituted QPP derivatives 
2. QPP derivatives 3 and 4 are new liquid crystalline derivatives reported here. 
 
To promote columnar mesomorphism over lamellar arrangements and lower transition 
temperatures, we have attached 4 side‒chains on each side by exchanging R with 
dialkoxy phenyl (3) and tetraalkoxy phenanthrene groups (4). Both the larger number of 
side‒chains and their orientation, at an approximate angle 60° to the long axis of the 
core, increase the lateral packing volume of the side‒chains. Both properties have 
shown to disfavor lamellar, promote columnar mesomorphism in polycatenar‒type liquid 
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crystals, which possess a long rod‒like rigid core (usually ending in two half‒disc 
moieties (Figure 2:2)). The core of polycatenar-type analogues usually contains five 
rings and each half-disc is composed of two or three paraffinic chains grafted on both 
terminal phenyl rings in meta and/or para positions.13-15 
 
Figure 2:2 Polycatenar-type liquid crystals. 
 
2.2. Results and Discussion 
In our first synthetic attempt towards compounds 3 and 4, we followed a procedure 
recently reported by Lixiang Wang (Scheme 2:1).2 The suzuki coupling between 
4,5‒dibromobenzene‒1,2‒diamine (5) and boronic acid 6 gave ortho‒terphenyl 7, which 
reacted with tetraketopyrene 85,16-18 to produce tetraphenyl QPP 3 in an overall yield of 
54%. Unexpectedly, oxidative coupling of the dialkoxyphenyl rings to generate the planar 
QPP 4 was unsuccessful. Instead, a yellow insoluble compound was obtained that was 
likely a polymer of compound 319,20 according to its IR and UV‒Vis spectra. 
 
Scheme 2:1 Synthesis of QPP 3. Conditions: (i) Pd(PPh3)4 (5 mol%), toluene, 3 M NaOH (aq), 90 °C, 20 h 
(60%); (ii) 2.2 eq. of 7, AcOH, refl., 24 h (>90%); (iii) 5 eq. BF3•Et2O, 5 eq. VOF3, CH2Cl2, r.t., 20 min or 6 eq. 
FeCl3, nitromethane/CH2Cl2 1:1, r.t., 20 min (insoluble products). 
  
Our recent results on similar compounds showed that the oxidative coupling was 
successful when the 2 and 11 positions of QPP 3 were blocked by alkyl groups. This 
suggested that oxidative polymerization occurred via the 2 and 11 positions of QPP 
3,21,22 which was astonishing considering that the didodecyloxyphenyl groups should be 
more easily oxidized than the pyrene core. However, we did not attempt to protect of the 
2 and 11 positions for the preparation of QPP 4 but, decided to prepare 
6,7,10,11‒tetrakis(dodecyloxy)triphenylene‒2,3‒diamine 9 (Scheme 2:2) for a 
26 
subsequent coupling to tetraketopyrene 8. Tetrakis(alkoxy)triphenylene‒2,3‒diamine 
derivatives had not been previously reported but were of broader interest as valuable 
building blocks for the synthesis of discotic liquid crystals and azaarenes.  
 
Scheme 2:2 Synthesis of diaminotetradodecyloxytriphenylene 9. Conditions: (i) 4 eq. BF3•Et2O, 4 eq. VOF3, 
CH2Cl2, r.t., 10 min (<10%); (ii) 4 eq. TEA, 2 eq. SOCl2, CH2Cl2, refl., 10 h (>90%); (iii) 4 eq. BF3•Et2O, 4 eq. 
VOF3, CH2Cl2, r.t., 10 min (>90%); (iiii) 8 eq. LiAlH4, THF, r.t., 12 h (80%). 
 
Diaminoterphenyl 7 was stable in air for months but, expectedly, the electron rich 
diaminobenzene group caused many side‒reactions under oxidative coupling conditions. 
Consequently, the direct conversion of 7 to 9 was not feasible, although 9 was 
chromatographically isolated from a complex product mixture in yields of 5‒8%. 
Protection of the two amino groups as 2,1,3‒thiadiazole ring rendered the central phenyl 
group inert to the chosen oxidative coupling conditions (1:1 mixture of VOF3 and 
BF3•Et2O) and triphenylene 11 was generated in close to quantitative yields. Two 
equivalents of VOF3 are sufficient for this coupling since product 11 is apparently not 
oxidized under these conditions.21,23,24 Reduction of 11 with LiAlH4 generates the desired 
diaminotriphenylene 9 in an overall yield of 65% starting from 7. 
Pure compound 9 is a white solid but a brown solid is obtained when handeled in air, 
which is attributed to the presence of oxidation products. However, the brown product 
gave satisfactory NMR spectra and was used without further purification for the 
subsequent  condensation reaction with 8. Samples of 9 that were stored for one month 
at ‒30 ºC under argon gave identical yields. 
Condensation of tetraketopyrene 8 with 2.2 eq. of diamine 9 in acetic acid did not 
generate QPP 4 but the mono‒condensation product 12 in close to quantitative yield 
based on 8 (Scheme 2:3). An excess of 9 was recovered from the reaction mixture, 
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which confirms that no side‒reactions occurred. The formation of 12, a valuable 
intermediate for the preparation of asymmetric QPP derivatives, is solely a result of its 
low solubility in acetic acid and does not require stoichiometric control.2,3,6 QPP 4 was 
obtained in 80% yield when the reaction was conducted in a 1:8 mixture of acetic acid 
and THF.  
 
Scheme 2:3 Condensation of 8 and 9 to 12 and QPP 4. Conditions: (i) AcOH, refl., 12 h (>90%); acetic acid 
/ THF (1:8), refl., 24 h (80%). 
 
Thermal properties of compounds 3, 4, 7, 9, 10, 11, and 12 were studied by polarized 
optical microscopy (POM), differential scanning calorimetry (DSC), and variable 
temperature powder X‒ray diffraction (pXRD) measurements. Mesomorphism was 
observed only for QPP derivatives 3 and 4 that displayed hexagonal and rectangular 
columnar mesophases over wide ranges of temperature (Figure 2:3).  
 
Figure 2:3 Phase behavior of QPPs 3 and 4 based on POM, DSC, and pXRD. Transition temperatures 
(onset) and enthalpies are given in ºC (kJ/mol). a It is likely a LamColr mesophase (see SI). 
 
QPPs 3 and 4 both displayed crystalline phases (Cr) and rectangular columnar 
mesophases (Colr) while only QPP 3 displayed a high temperature hexagonal columnar 
mesophases (Colh) and an isotropic liquid phase (Iso). The larger planar core of 4 clearly 
increased the thermal stability of its Cr and Colr phases in comparison to 3 and 
suppressed the formation of Colh and Iso phases because thermal decomposition 
occurred first. Most importantly, lower transition temperatures and the additional Colh and 
Iso phases benefited the processing of QPP 3 into aligned films for device applications.  
For example, 3 self‒organized into mm‒sized domains of columnar stacks with vertical 
(homeotropic) alignment to a substrate when cooled from its isotropic liquid state 
between glass slides. This vertical self‒alignment is remarkable for a compound of 
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board‒shape rather than disc‒shape and was only slightly disturbed at the transition into 
the biaxial Colr phase. However, we are not aware of any other studies that are 
concerned with the homeotrpic alignment of hexagonal columnar mesophases of 
board‒shaped liquid crystals. 
Electronic properties of QPPs 3 and 4 were probed by absorption spectroscopy, cyclic 
voltammetry, and DFT calculations (Table 2:1). Extension of the conjugated system in 4 
decreased Egap and ELUMO by 0.2 eV with regard to 3. A comparison of the red/ox 
potentials of QPPs 3 and 4 with the potentials of tetraalkoxy and tetraalkylthio substituted 
QPP derivatives 29,17 revealed an increase of EHOMO and a decrease of ELUMO by 0.2 eV 
and 0.1 eV, respectively, for 3 and almost twice these values for 4. Consequently, Egap 
values of QPPs 3 and 4 were between 0.2 eV and 0.8 eV smaller than for QPPs 2. 
These properties qualify 3 and 4 as organic semiconductors with electron acceptor 
properties.  
Table 2:1 Red/Ox potentials, EHOMO/LUMO, and optical HOMO‒LUMO gaps of QPPs 3 and 4. 
 
 E1/2red/ E1/2ox,a EHOMO/ELUMO /Egapd EHOMO/ELUMO /Egape Egapf 
3 ‒1.24/1.17b ‒5.49/‒3.08/2.41 ‒5.13/‒2.18/2.95 2.48 
4 n.a.c n.a.c ‒5.03/‒2.28/2.75 2.21 
     
a 1st Potentials in V vs. Ag/Ag+ (CH2Cl2, glassy carbon working electrode; b Estimated from peak potential of 
irreversible oxidation at 1.20 V; c Insufficiently soluble for solution cyclic voltammetry; d Calculated based on 
E1/2ox of ferrocene/ferrocenium as internal standard (0.48 V vs. Ag/Ag+ = 4.80 eV); e Based on DFT 
calculations (B3LYP/6‒31g(d,p)) in vacuum; f Based on onset of longest wavelength absorption; Energy 
values are given in eV vs. vacuum.25 
 
Absorption and emission properties of QPPs 3 and 4 agreed with the measured and 
calculated electronic properties which showed the expected bathchromic shift of the 
absorption/emission maxima from 445/557 nm for 3 to 475/654 nm for 4 because of its 
enlarged conjugated system (Figure 2:4). The observed large Stokes shifts of 112 nm 
and 179 nm for QPPs 3 and 4, respectively, which were observed by the earlier works26, 
were probably generated by intramolecular charge transfer (ICT) states and their 
formation was in agreement with the distinct spatial separation of HOMO and LUMO 
orbitals (donor-acceptor structure)13 in calculated structures (see SI).  
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Figure 2:4 Absorption and fluorescence spectra of compounds 3 (1.0 × 10‒5 M (absorption) and 1.0 × 10‒6 M 
(fluorescence) in CH2Cl2) and 4 (8.7 × 10‒6 M in CHCl3). Excitation wavelengths for 3 and 4 were 445 nm 
and 475 nm, respectively. 
  
QPP 3 had a high fluorescence quantum yield of 31% in solution whereas QPP 4 only 
reached 0.72%. Similarly, the fluorescence quantum yields of QPPs 2 were low with 
values below 0.3%27,28 and we hypothesized that the ether groups were involved in the 
more competitive non‒radiative deactivation processes. The ether groups in QPP 3 only 
weakly electronically interacted with the pyrene fluorophore since the phenyl groups 
were tilted out of plan.  
Both QPPs 3 and 4 also fluoresced in their crystalline and columnar liquid crystal 
phases (see SI). This property was rather unusual for π‒π stacking materials and 
suggested a weak interaction between the transition dipole moments as it had been 
observed in columnar J‒aggregates and compounds that stacked orthogonally.29,30  
2.3. Conclusion 
In conclusion, we described different synthetic approaches to new QPP derivatives 3 
and 4 that displayed several types of columnar mesophases over wide ranges of 
temperature. Both compounds consisted of donor-acceptor structures and can be 
categorized as organic semiconductors, electron acceptors, dyes, and fluorophores in 
liquid and solid phases based on their optoelectronic properties. 
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2.4. Supplementary Information 
Synthesis 
Materials 
All reagents and solvents obtained from Sigma-Aldrich, Fluka, and Strem were used as 
received unless otherwise stated. Drying agents (MgSO4 as well as 3 Å and 4 Å 
molecular sieves) were purchased from VWR. 1-Propanol and methanol were dried over 
4 Å and 3 Å molecular sieves, respectively. Tetrahydrofuran, dichloromethane, toluene, 
and diethyl ether were obtained from a solvent purification system (Innovative 
Technology Inc. MA, USA, Pure-Solv 400). Silica gel 60 (35-70mesh ASTM, from EM 
Science, Germany) was used for column chromatography and Silica Gel 60 aluminum 
backed sheets (EM Science, Germany) for thin layer chromatography. 
Methods and Instrumentation 
1H-NMR & 13C-NMR spectra were obtained on Bruker NMR spectrometers (DRX 500 
MHz, DPX 300 MHz and DPX 300 MHz with auto-tune). The residual proton signal of 
deuterated solvents functioned as a reference signal. Multiplicities of the peaks were 
given as s = singlet, d = doublet, t = triplet, and m = multiplet. Coupling constants were 
given in Hz and only calculated for 1st-order systems. Data were presented in the 
following order (multiplicity, coupling constant, integration). Fourier Transform InfraRed 
spectra (FT-IR) were obtained on a Bruker Vector 22. Relative peak intensities in IR 
were abbreviated as vs = very strong, s = strong, m= medium, w = weak, br = broad. 
Liquid samples were performed as films on potassium bromide plates and solid samples 
were run as potassium bromide pellets. Mass spectrometry measurements were 
performed by Kirk Green at the Regional Center for Mass Spectrometry (McMaster 
University) and Jiaxi Wang at the Mass Spectrometry and Proteomics Unit (Queen’s 
University). UV-VIS absorption and photoluminescence spectra were recorded on a 
Varian Cary 50 Conc UV-Vis spectrophotometer and a PerkinElmer LS50B 
luminescence spectrometer, respectively. The optical energy gap (Eg) in eV vs. vacuum 
31 
level were calculated according to the equation Eg = 1240/λonset. λonset was determined as 
the intersection between the extrapolated tangent of the longest wavelength absorption 
peak and the X-axis. 
 
Scheme S2:1 Reaction scheme for the preparation of QPP derivatives 3 and 4. Reaction conditions: (a) 2.1 
eq. p-TosCl, Py, N2, 0 °C to r.t., 20 h; (b) 2 eq. Br2, 2 eq. sodium acetate, glacial acetic acid, N2, 100 °C, 2 h; 
(c) conc. H2SO4, H2O, N2, 120 °C, 2 h; (d) 2.5 eq. BBr3, CH2Cl2, N2, 0 °C to r.t., 20 h; 0.1 M HCl, 0 °C, 1 h; 
(e) 2.3 eq. BrC12H25, 2.5 eq. K2CO3, DMF, N2, 110 °C, 2 days; (f) 1.1 eq. n-BuLi, THF, N2, 0 °C to - 40 °C, 1 
h; 1.2 eq. triisopropyl borate,  -45 °C to r.t., 20 h; 0.1M HCl,  0 °C, 2 h; (g) 5 % mol Pd(PPh3)4, 3 M NaOHaq, 
toluene, N2, 90 °C, 20 h; (h) acetic acid, N2, reflux, 24 h; (i) 4 eq. TEA; 2 eq. SOCl2; DCM, N2, reflux, 10 h; 1 
M HCl; (j) 6 eq. BF3·Et2O, 6 eq. VOF3, CH2Cl2, N2, r.t., 10 min; (k) 8 eq. LiAlH4, THF, N2, r.t., 12 h; (l) acetic 
acid, N2, reflux, 24 h;  (m) acetic acid / THF (1:8), N2, reflux, 24 h. 
32 
 
Synthesis of N,N'-(1,2-phenylene)bis(4-methylbenzenesulfonamide) (S1):31 p-
Toluenesulfonyl chloride (10.6 g, 0.055 mol) was slowly added to a solution of benzene-
1,2-diamine (3 g, 0.027 mol) in pyridine (30 mL) at 0 °C. The reaction mixture was stirred 
at room temperature for 12 h and quenched by the addition of deionized water (200 mL). 
The crude product precipitated out as an orange solid and was recrystallized from 
ethanol to give a colourless crystalline solid in 75% yield. 1H NMR (300 MHz, THF-d8): δ 
(ppm) 9.31 (br, 2H, NH), 7.61 (d, J = 8.4 Hz, 4H), 7.37 (d, J = 8.1 Hz, 4H), 7.01 (m, 4H), 
2.40 (s, 6H). 13C NMR (300 MHz, THF-d8): δ (ppm) 141.59, 134.90, 129.58, 127.40, 
125.61, 124.32, 123.30, 18.68. 
Synthesis of N,N'-(4,5-dibromo-1,2-phenylene)bis(4-methylbenzenesulfonamide) 
(S2):32 Compound S2 was prepared as a white crystalline solid in 76% yield by following 
the procedure reported by Cheeseman. 1H NMR (300 MHz, DCM-d2): δ (ppm) 9.09 (br, 
2H, NH), 7.64 (d, J = 8.4 Hz, 4H), 7.42 (d, J = 8.1 Hz, 4H), 7.30 (s, 2H), 2.42 (s, 6H). 13C 
NMR (300 MHz, DCM-d2): δ (ppm) 144.41, 135.93, 130.01, 129.72, 127.47, 127.29, 
120.50, 21.34. 
Synthesis of 4,5-dibromobenzene-1,2-diamine (5):32 Compound 5 was prepared as 
brown crystalline solid in 65% yield by following the procedure reported by Cheeseman. 
1H NMR (300 MHz, DMSO-d6): δ (ppm) 6.83 (s, 2H), 5.08 (br, 4H).  
Synthesis of 4-Bromo-benzene-1,2-diol (S3):33 Compound S3 was prepared as a 
white solid in 95% yield by following the procedure reported by Hille et al. 
1H NMR (300 MHz, CDCl3): δ (ppm) 6.7-7.0 (m, 3H), 5.00 (s, 2H). 
Synthesis of 4-bromo-1,2-bis(dodecyloxy)benzene (S4):34 Compound S4 was 
prepared by following the procedure reported by Zhao et al. but with two modifications. 
DMF was used instead of DMSO as the solvent and the reaction was heated to 110 °C 
for 2 days instead of 1 day. 
1-Bromododecane (30.1 g, 121 mmol) and potassium carbonate (18.1 g, 131.3 mmol) 
were added to a solution of S3 (10 g, 52.5 mmol) in DMF (250 mL). The mixture was 
33 
stirred under argon gas at 110 °C for 2 days and filtered at r.t. to give a brown solution. 
Evaporation of the solvent gave a brown oily residue that was purified by column 
chromatography on neutral aluminum oxide with hexanes as the eluent to yield S4 as a 
white solid (25.8 g, 93%). 1H NMR (300 MHz, CDCl3): δ (ppm) 7.00-6.98 (m, 2H), 6.74 (d, 
J = 9.3 Hz, 1H), 3.97 and 3.96 (two triplets are overlaped, J = 6.6 and 6.5 Hz, 4H), 1.84-
1.78 (m, 4H), 1.47-1.28 (m, 36H), 0.89 (t, J = 6.3 Hz, 6H). 13C NMR (300 MHz, CDCl3): δ 
(ppm) 150.17, 148.49, 123.51, 117.13, 115.36, 112.88. 69.64, 69.48, 31.96, 29.69, 29.65, 
29.40, 29.29, 29.21, 26.03, 22.72. 
Synthesis of 3,4-bis(dodecyloxy)phenylboronic acid (6)35: n-Butyl lithium (3.2 mL, 
1.96 M in hexane, 6.2 mmol) was added drop wise to a solution of S4 (3 g, 5.7 mmol) in 
dry THF (150 mL) at 0 °C. The solution was stirred for one hour at -45 °C after the 
addition of n-BuLi was completed before freshly distilled triisopropyl borate (1.6 mL, 6.8 
mmol) was added drop wise via a syringe at -45 °C. The solution was stirred overnight 
and allowed to warm to room temperature. 0.1 M HCl 100 mL was added at 0 °C and the 
mixture was stirred for 2 h and allowed to warm to room temperature. The product was 
extracted with diethyl ether (2 × 100 mL) and the combined organic layer was washed 
with brine and dried over Na2SO4. Evaporation of the solvent gave a pale yellow solid 
that was purified by recrystallization from hexane/Et2O to give pure 6 as a white solid in 
60% yield. IR (KBr) ʋmax (cm-1): 3354, 2917, 2849, 1597, 1257. 1H-NMR (300 MHz, 
CDCl3): δ (ppm) 7.82 (d, J = 7.2 Hz, 1H), 7.70 (s, 1H), 7.00 (d, J = 8.1 Hz, 1H),  4.11 (It is 
supposed to be two triplets, but it reveals a multiplet, 4H), 1.87 (m, 4H), 1.53 (m, 8H, 
B(OH)2 and H2O), 1.28 (m, 34H), 0.89 (t, J = 6.6 Hz, 6H). 13C-NMR (300 MHz, CDCl3): δ 
(ppm) 169.34, 153.36, 148.53, 130.03, 120.63, 112.63, 69.59, 68.91, 32.00, 29.77, 29.61, 
29.52, 29.45, 29.28, 26.21, 26.13, 22.77, 14.18. Melting point: 108 – 110 °C. HRMS m/e 
for C30H55BO4 calcd (M+) 489.4115, found 489.4130.  
Synthesis of 3,4,3”,4”-tetrakis(dodecyloxy)-3’,4’-diamino-1,1’,2’,1”-terphenyl (7): A 
mixture of 5 (40 mg, 0.15 mmol), 6 (155 mg, 0.32 mmol), 3 M NaOHaq (4 mL), and 
toluene (20 mL) was carefully degassed and purged with dry nitrogen before Pd(PPh3)4 
34 
(9 mg, 5 %mol) was added. The mixture was stirred for 20 h at 90 °C, extracted with 
CH2Cl2 (2 × 50 mL), and the combined organic layer was dried over Na2SO4 and 
concentrated. The concentrated solution was subject to column chromatography (silica 
gel, CH2Cl2) to give a yellow solid that was recrystallized from CH2Cl2/MeOH to yield 7 as 
a pale yellow solid in 60%. IR (KBr) ʋmax (cm-1): 3405, 3311, 2916, 2849, 1500, 1467, 
1259. 1H-NMR (500 MHz, CDCl3): δ (ppm) 6.80 (s, 2H), 6.74-6.68 (m, 4H), 6.57 (s, 2H), 
3.93 (t,  J = 6.5 Hz, 4H), 3.67 (t,  J = 6.5 Hz, 4H), 1.80 (m, 4H), 1.65 (m, 4H), 1.44 (m, 
4H),1.27 (m, 72H), 0.89 (t, J = 7.5 Hz 12H). 13C-NMR (300 MHz, CDCl3): δ (ppm) 148.41, 
147.63, 134.73, 133.30, 121.94, 119.19, 116.37, 113.51, 69.44, 69.16, 32.07, 29.84, 
29.54, 29.28, 26.20, 22.83, 14.24. Melting point: 93 - 95 °C. HRMS m/e for C66H113N2O4 
calcd (MH+) 997.8700, found 997.8657 (MH+). 
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Figure S2:1 1H NMR of 7 in CDCl3. 
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Figure S2:2 13C NMR of 7 in CDCl3. 
 
Synthesis of 6,7,15,16-tetrakis(3,4-bis(dodecyloxy)phenyl)quinoxalino[2',3':9,10] 
phenanthro[4,5-abc]phenazine (3): A solution of 7 (2.2 eq.) and pyrene-4,5,9,10-
tetraone 8 (1 eq.) in acetic acid was refluxed at 120 °C for 24 h under N2. Deionized 
water was added at room temperature and the mixture was extracted with CH2Cl2. 
Evaporation of the solvent gave the crude product that was dried under vacuum and 
purified by column chromatography on silica gel with hexanes/CH2Cl2 (1:1) as eluent to 
afford 3 as a yellow solid in 95% yield. IR (KBr) ʋmax (cm-1): 2919, 2850, 1605, 1516, 
1455, 1261. 1H NMR (300 MHz, CDCl3): δ (ppm) 9.74 (d, J = 7.8 Hz, 4 H), 8.43 (s, 4 H), 
8.20 (t, J = 7.8 Hz, 2 H), 6.97 (d, J = 8.1 Hz, 4 H), 6.89 (s, 4 H), 6.85 (d, J = 6.0 Hz, 4 H), 
4.03 (t, J = 6.3 Hz, 8 H),  3.80 (t, J = 6.3 Hz, 8 H),  1.87 (t, J = 7.2 Hz, 8 H), 1.73 (t, J = 
7.2 Hz, 8 H), 1.51-1.27 (m, 144 H, Halkyl), 0.9 (m, 24 H). 13C NMR (300 MHz, CDCl3): δ 
(ppm) 148.79, 148.67, 144.10, 142.53, 141.76, 133.29, 129.90, 128.10, 127.73, 122.54, 
115.99, 113.32, 69.35, 32.08, 29.85, 29.68, 29.62, 29.53, 29.31, 26.23, 22.84, 14.26. 
Anal. Calcd for C148H222N4O8: C, 81.34; H, 10.24; N, 2.56. found: C, 80.94; H, 10.44; N, 
2.32. MALDI-MS m/e for C148H223N4O8 calcd (MH+) 2184.7166, found 2184.7169 (MH+). 
36 
UV-vis (1.03 × 10-5 M solution in CH2Cl2): λmax (ε) 260 nm (7.8 × 104), 321 nm (11.5 × 
104), 445 nm (7.7 × 104). Fluorescence (1.03 × 10-6 M solution in CH2Cl2, λex 445 nm): 
λmax 557 nm. 
 
Figure S2:3 1H NMR of 3 in CDCl3. 
 
37 
 
Figure S2:4 13C NMR of 3 in CDCl3. 
 
 
Figure S2:5 2D-NMR (HMQC) of 3 in CDCl3. 
 
38 
 
Figure S2:6 2D-NMR (HMBC) of 3 in CDCl3. 
 
Synthesis of 5,6-bis(3,4-bis(dodecyloxy)phenyl)benzo[c][1,2,5]thiadiazole (10): 
Compound 10 was prepared following a procedure for the synthesis of benzothiadiazoles 
reported by Mancilha et al.36 o-Phenylenediamine 7 (1.00 g, 1.00 mmol) and 
triethylamine (0.405 g, 4.00 mmol) were stirred in CH2Cl2 (80 mL) until all diamine 7 was 
dissolved. Thionyl chloride (0.238 g, 2.00 mmol) was added dropwise very slowly, and 
the mixture was heated at reflux for 10 h. The solvent was removed under reduced 
pressure and water (100 mL) was added. Concentrated HClaq was added until a pH of 1 
was reached and the mixture was extracted with CH2Cl2 (5 × 200 mL). The combined 
organic phase was dried over MgSO4 and evaporated to give 10 (0.923 g, 90%) as a 
yellow solid. IR (KBr) ʋmax (cm-1): 2915, 2849, 1600, 1578, 1518, 1467, 1269, 1231. 1H 
NMR (500 MHz, CDCl3): δ (ppm) 8.01 (s, 2 H), 6.81 (d, J = 1.5 Hz, 4 H), 6.63 (s, 2 H), 
3.98 (t, J = 7 Hz, 4 H),  3.70 (t, J = 7 Hz, 4 H),  1.83(m, 4 H), 1.68 (m, 4 H), 1.47 (m, 4H), 
1.38-1.28 (m, 68H), 0.90 (m, 12H). 13C NMR (300 MHz, CDCl3): δ (ppm) 154.41, 148.74, 
148.52, 143.78, 133.09, 122.14, 121.37, 115.87, 113.21, 69.28, 32.01, 29.76, 29.56, 
39 
29.46, 29.40, 29.18, 26.14, 26.11, 22.77, 14.19. Melting point: 79–81 °C. HRMS m/e for 
C66H108N2O4S calcd (M+) 1024.8030, found 1024.8050. 
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Figure S2:7 1H NMR of 10 in CDCl3. 
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Figure S2:8 13C NMR of 10 in CDCl3. 
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Synthesis of 2,3,6,7-tetrakis(dodecyloxy)triphenyleno[2,3-c][1,2,5]thiadiazole (11): 
BF3·Et2O (55 mg, 0.39 mmol) followed by VOF3 (48 mg, 0.39 mmol) were added to a 
solution of 10 (100 mg, 0.10 mmol) in CH2Cl2 under N2. The reaction mixture was stirred 
for 10 min and quenched with dry MeOH (5 mL). Deionized water was added to the 
mixture and the product was extracted with CHCl3 (3 × 50 mL). The combined organic 
phase was evaporated and the crude product was purified by column chromatography 
on silica gel with hexanes/CH2Cl2 (1:1) as the eluent to afford 11 as an orange solid (90 
mg, 90%). IR (KBr) ʋmax (cm-1): 2916, 2849, 1610, 1520, 1455, 1417, 1264, 1165. 1H 
NMR (300 MHz, CDCl3): δ (ppm) 9.01 (s, 2 H), 8.03 (s, 2 H), 7.71 (s, 2 H), 4.25 (t, J = 6 
Hz 8 H), 1.97 (m, 8 H), 1.55-1.27 (m, 72H), 0.88 (m, 12H). 13C NMR (300 MHz, CDCl3): δ 
(ppm) 153.17, 150.72, 149.34, 132.58, 125.00, 122.90, 113.10, 108.16, 107.65, 69.76, 
69.43, 32.01, 29.82, 29.77, 29.60, 29.46, 26.24, 22.77, 14.19. Melting point: 128 – 
130 °C. HRMS m/e for C66H106N2O4S calcd (M+) 1022.7873, found 1022.7872. 
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Figure S2:9 1H NMR of 11 in CDCl3. 
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Figure S2:10 13C NMR of 11 in CDCl3. 
 
Synthesis of 6,7,10,11-tetrakis(dodecyloxy)triphenylene-2,3-diamine (9): Compound 
9 was prepared following a general procedure for the conversion of benzothiadiazoles to 
diaminobenzenes reported by Shaobin Miao et al.37 The only modification of the 
procedure was a decrease in the amount of LiAlH4 from 8.6 eq. to 8 eq. LiAlH4 (0.297 g, 
7.82 mmol) was added to the solution of 11 (1.00 g, 0.977 mmol) in THF (50 mL) at 0 °C 
and the mixture was stirred at room temperature for overnight. The mixture was 
quenched with saturated NH4Cl solution and extracted with diethyl ether (3 x 200 mL). 
The combined organic layers were dried over Na2SO4 and the solvent was removed in 
vacuo to give 9 as a brown solid (0.778 g, 80%). IR (KBr) ʋmax (cm-1): 3405, 3335, 2917, 
2849, 1613, 1514, 1435, 1388, 1260, 1172. 1H NMR (300 MHz, CDCl3): δ (ppm) 7.81 (s, 
4 H), 7.43 (s, 2 H), 4.24-4.20 (two overlapping triplets, J = 6.6 Hz, 8 H),  3.73 (sbroad, 4H), 
1.94 (m, 8 H), 1.57-1.28 (m, 72H), 0.89 (m, 12H). 13C NMR (300 MHz, CDCl3): δ (ppm) 
149.04, 148.61, 134.91, 123.84, 123.54, 123.23, 109.43, 107.78, 106.85, 69.96, 69.51, 
32.00, 31.78, 29.75, 29.62, 29.56, 29.44, 26.28, 22.75, 22.51, 14.15. Melting point: 110 - 
112 °C. HRMS m/e for C66H110N2O4 calcd (M+) 994.8465, found 994.8475. 
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Figure S2:11 1H NMR of 9 in CDCl3.  
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Figure S2:12 13C NMR of 9 in CDCl3. 
 
Synthesis of 12,13,16,17-tetrakis(dodecyloxy)diphenanthro[4,5-abc:9',10'-
i]phenazine-4,5(9aH,19aH)-dione (12): Pyrene-4,5,9,10-tetraone 8 (10 mg, 0.038 mmol) 
43 
and 6,7,10,11-tetrakis(dodecyloxy)triphenylene-2,3-diamine 9 (83.6 mg, 0.084 mmol) 
were dissolved in glacial acetic acid (50 mL) and the solution was heated at 120 °C for 
12 h. Deionized water (50 mL) was added to the reaction mixture at room temperature 
and the mixture was then extracted with CH2Cl2 (2 × 100 mL). The combined organic 
phase was dried over MgSO4, concentrated, and subjected to column chromatography 
(silica gel and CH2Cl2). Compound 12 was obtained as an orange-red solid in 90% yield. 
IR (KBr) ʋmax (cm-1): 2921, 2851, 1729, 1611, 1519, 1466, 1380, 1265. 1H NMR (300Hz, 
CDCl3): δ (ppm) 8.53 (s, 2H), 7.42 (d, J = 6.6Hz, 4H), 6.97 (t, 2H), 6.71 (s, 4H), 4.04 (t, 
4H), 3.83 (t, 4H), 1.96 (m, 8H), 1.59-1.35 (m, 72H), 0.94 (m, 12H). 13C NMR (300 MHz, 
CDCl3): δ (ppm) 178.36, 150.44, 147.97, 139.17, 137.61, 131.33, 130.74, 130.66, 130.27, 
129.17, 128.89, 128.50, 127.37, 123.56, 120.74, 106.94, 104.86, 68.91, 32.09, 29.45, 
29.90, 29.65, 29.56, 26.52, 26.42, 22.82. Melting point: 50-52 °C. MALDI-MS m/e for 
C82H113N2O6 calcd (MH+) 1221.8599, found 1221.9065 (MH+). 
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Figure S2:13 1H NMR of 12 in CDCl3. 
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Figure S2:14 13C NMR of 12 in CDCl3. 
 
Synthesis of 2,3,6,7,17,18,21,22-octakis(dodecyloxy)phenanthro[9,10-
i]phenanthro[9'',10'':6',7']quinoxalino[2',3':9,10]phenanthro[4,5-abc]phenazine (4): 
A solution of 9 (100 mg, 0.10 mmol) and tetraone (8) (11.9 mg, 0.05 mmol) in 54 mL of a 
mixture of acetic acid and THF (1: 8) was refluxed at 90 °C for 24 h under N2. Deionized 
water (100 mL) was added at room temperature and the mixture was extracted with 
CH2Cl2 (2 × 100 mL). Evaporation of the solvent gave the crude product that was dried 
under vacuum and purified by recrystallization from THF to give 4 as an orange solid (80 
mg, 80%). IR (KBr) ʋmax (cm-1): 2919, 2850, 1610, 1515, 1463, 1424, 1381, 1262. 1H 
NMR (300 MHz, CDCl3, 50 °C): δ (ppm) 8.89 (s, 4H), 8.01 (s, 4H), 7.82 (s, 2H), 7.55 (s, 
4H), 6.74 (s, 4H), 4.29 (bs, 8H), 3.63 (bs, 8H), 2.12 (m, 8H), 1.80-1.33 (m, 152H), 0.97-
0.90 (m, 24H).13C NMR (300 MHz, CDCl3, 50 °C): δ (ppm) 149.80, 148.65, 140.89, 
138.33, 130.42, 128.74, 126.69, 126.46, 125.64, 123.84, 122.22, 120.73, 107.72, 105.75, 
69.23, 68.72, 32.11, 32.06, 30.12, 29.96, 29.58, 26.74, 26.45, 22.80, 22.75, 14.05. 
MALDI-MS m/e for C148H219N4O8 calcd (MH+) 2180.6852, found 2180.6836 (MH+). UV-vis 
(8.66 × 10-6 M solution in CHCl3): λmax (ε) 273 nm (6.4 × 104), 300 nm (6.2 × 104), 366 nm 
45 
(6.7 × 104), 475 nm (4.1 × 104). Fluorescence (8.66 × 10-6 M solution in CHCl3, λex 475 
nm): λmax 654 nm. 
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Figure S2:15 1H NMR of 4 in CDCl3 at 50 °C. 
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Figure S2:16 13C NMR of 4 in CDCl3 at 50 °C. 
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UV-Vis Absorption and Fluorescence Data 
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Figure S2:17 Absorption spectra of compounds 3 and 4 as thin films on quartz and in solution for 
comparison (3 in CH2Cl2 and 4 in CHCl3). 
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Figure S2:18 Absorption and fluorescence spectra of compounds 3 (solid) and 4 (dash) as thin films on 
quartz. 
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Figure S2:19 Fluorescence spectra of 3 and 4 as thin film on quartz under Ar (excitation at 445 nm and 475 
nm, respectively). Solution fluorescence spectra of 3 in CH2Cl2 (1.0 × 10-6 M) and 4 in CHCl3 (8.7 × 10-6 M) 
are shown for comparison. 
 
Table S2:1 Extinction coefficients ε and quantum yields Ф for 3 and 4 in solution (CH2Cl2 for 3 and CHCl3 for 
4). Coumarin 6 is measured in ethanol.25,38 
 
 Concentration (M) 
Absorption/nm 
(log ε) ε in M
-1cm-1 (SD) Emission (nm) 
Ф 
(%)
3 1.03E-05 
445/4.88 7.67E+04 (±0.25E+04) 
557 
(ex = 445) 31 321/5.06 
11.5E+04 
(±0.59E+04) 
260/4.89 7.81E+04 (±0.86E+04) 
4 8.66E-06 
475/4.62 4.14E+04 (±0.49E+04) 
654 
(ex = 475) 0.72
366/4.83 6.73E+04 
(±0.19E+04) 
300/4.79 6.15E+04 (±0.33E+04) 
273/4.81 6.39E+04 
(±0.57E+04) 
Reference Compound 
Coumarin 
6 2.85E-07 
445/4.75 5.68E+04  
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475/4.69 4.92E+04 
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Electrochemistry (EC) 
Cyclic voltammetry (CV) was performed on a standard one-compartment, three-
electrode cell connected to an Electrochemical Analyzer BAS 100B/W (Bioanalytical 
Systems). A glass carbon disk (3-mm diameter) was used as working electrode with a Pt 
wire as the counter electrode and an Ag/AgCl electrode as the reference electrode. 
Solvents were obtained from a solvent purification system (Innovative Technology Inc. 
MA, USA, Pure-Solv 400) and tetrabutylammonium perchlorate (TBAClO4) of 
electrochemical grade was used as supporting electrolyte (Aldrich). Ferrocene (Fluka) 
functioned as internal standard (E1/2ox of ferrocene/ferrocenium in CH2Cl2 was 0.48 V vs. 
Ag/AgCl and set equal to 4.80 eV) and all measurements were conducted under dry 
argon.  
 
Figure S2:20 Cyclic voltammograms of irreversible oxidation (left) and reversible reduction (right) of 3 in 10-4 
M CH2Cl2 solution.  
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Computational Studies with Gaussian 03 (DFT-B3LYP/6-31g(d,p)) 
Table S2:2 Calculated HOMOs and LUMOs of 3 and 4 in vacuum. 
 
Compounds HOMO (eV) Egap (eV) LUMO (eV) 
3 
-5.13 
2.95 
-2.18 
4 
-5.03 
2.75 
-2.28 
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Mesomorphism 
Polarized light microscopy was performed on an Olympus TPM51 polarized light 
microscope that is equipped with a Linkam variable temperature stage HCS410 and 
digital photographic imaging system (DITO1).  Calorimetric studies were conducted on a 
Mettler Toledo DSC 822e and thermal gravimetric analysis was performed on a Mettler 
Toledo TGA SDTA 851e.  Helium (99.99%) was used to purge the system at a flow rate 
of 60 mL/min.  Samples were held at 30 °C for 30 min before heated to 550 °C at a rate 
of 5 °C/min.  All samples were run in aluminium crucibles. XRD measurements were run 
on a Bruker D8 Discover diffractometer equipped with a Hi-Star area detector and 
GADDS software package.  The tube was operated at 40 kV and 40 mA and CuK 1 　
radiation (=1.54187 Å) with an initial beam diameter of 0.5 mm is used.  A modified 
Instec hot & cold stage HCS 402 operated via controllers STC 200 and LN2-P (for below 
ambient temperatures) was used for variable temperature XRD measurements. 
Polarized Optical Microscopy (POM) 
                 
Figure S2:21 Photomicrographs of compound 3 sandwiched between glass slides. Domains with spherulite 
textures and homeotropically aligned domains of Colh phase at 120 °C (left); mostly homeotropically aligned 
domains of Colh at 152 °C phase upon cooling from the isotropic liquid phase (middle) and the same area 
after cooling to 82 °C into the Colr phase (right). 
 
 
Figure S2:22 POM photomicrographs of compound 4 sandwiched between glass slides at 133 °C. The 
observed micro-domain texture is often displayed by highly viscous discotic mesophases that do not from an 
isotropic liquid phase but is not characteristic for a specific type of columnar mesophase.  
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Thermal Gravimetric Analysis (TGA) 
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Figure S2:23 TGA of compounds 3 and 4 at 5 °C/min under He. Compounds 3 and 4 are decomposed 
(defined at 3% weight loss) at 312 °C and 263 °C, respectively. 
 
Differential Scanning Calorimetry (DSC) 
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Figure S2:24 DSC graphs of QPP 3 at 5 °C/min under N2. The reversible transitions at about 33 °C and 
91 °C are well resolved but the clearing transition at 160 °C observed by POM is not visible in the DSC runs, 
probably because its transition enthalpy is below 0.1 kJ/mol. The strong peak at 65 °C in the 1st heating run 
indicates a transition from a crystalline phase to a liquid crystal phase. This crystal phase of compound 3 is 
only formed when the compound is precipitated from solution whereas cooling of the liquid crystal phase 
generates a soft crystal phase at a lower transition temperature of 26.4 °C. 
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Figure S2:25 DSC graphs (baseline corrected) of QPP 4 at 5 °C/min under N2. The reversible transition at 
around 123 °C is well resolved in the overview scans. 
 
Variable Temperature X-ray Diffraction (VT-XRD) 
QPPs 3 and 4 were studied as bulk materials by XRD in transmission mode by me and 
as thin films in reflection mode by Benoît Heinrich and Bertrand Donnio (Institut de 
Physique et Chimie des Matériaux de Strasbourg -IPCMS). The latter measurements 
gave much better resolved diffraction patterns after annealing of the LC phases for 
several hours. 
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Figure S2:26 VT-XRD of compound 3 in transmission mode. (a) First heating at 23 °C (Soft Cry, the sharper 
peak at 21° 2-theta indicates a partially crystalline state of the side-chains); (b) First heating at 50 °C (Colr, 
the broad peak at 3° 2-theta indicates two overlapping reflections); (c) First heating at 125 °C (Colh), which 
also agrees with their defect textures by POM; (d) First cooling at 25 °C (Soft Cry) 
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Figure S2:27 VT-XRD of compound 4 in transmission mode. Diffraction patterns at 30 °C (a) and 90 °C (b) 
are consistent with a soft crystal phase with partially crystalline side-chains whereas the diffraction patterns 
(c) and (d) of the high temperature phase  (175 °C and 270 °C) are best assigned to a Colr mesophase but 
more detailed diffraction work is required for a definitive assignment. 
 
Diffraction data and analysis by Benoît Heinrich and Bertrand Donnio provided a more 
conclusive structural analysis. QPP 3 displayed a low temperature Colr mesophase of 
exceptionally high correlation in the position and orientation of columns that was 
evidenced by the large number of reflections in the XRD pattern (Figure S2:28). In 
contrast, the high temperature Colh phase was rather disordered and showed no other 
reflections than the (10) and the halo of the molten side-chains. The intracolumnar 
stacking order, however, was weak for both Col phases as could be concluded from the 
absence of a reflection for the π-π stacking (00h). 
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Figure S2:28 XRD of compound 3 at 75 °C. hch+hph: scattering from laterals distances between molten 
chains and between calamitic parts (phenyl). hπ-π: scattering from π-π stacked parts (pyrene). 
 
Table S2:3 Detailed indexation of diffraction patterns of all liquid-crystalline phases of compounds 3 and 4 
(2θ is the diffraction angle in degrees); dmeas and dcalc in Å are the observed and calculated spacings, 
respectively; I is the height of the diffraction peak relative to the highest peak; hk is the indexation of the two-
dimensional lattice; a and b are the lattice parameters; A is the lattice area; Z is the amount of molecules per 
lattice.) 
 
N° 2θmeas° dmeas Å I h k 2θcalc° dcalc Å
1 
2 
3' 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
 
13 
14 
15 
16 
17 
2.09 
2.45 
 
4.18 
4.91 
5.23 
5.97 
6.28 
7.98 
8.12 
8.39 
9.26 
9.85 
 
10.03 
10.51 
12.00 
12.22 
14.08 
42.25
36.06
21.11
18.00
16.88
14.79
14.06
11.06
10.87
10.52
9.54
8.97
8.815
8.411
7.367
7.235
6.285
VS
VS
VW
M
VW
W
M
W
W
W
VW
VW
VW
W
VW
W
W
VW
1 1
2 0
3 1
2 2
4 0
1 3
4 2
3 3
5 3
6 2
4 4
3 5
8 0
7 3
6 4
5 5
8 4
9 3
10 4
2.094 
2.457 
4.058 
4.190 
4.916 
5.236 
5.974 
6.286 
7.983 
8.121 
8.385 
9.257 
9.841 
10.006 
10.031 
10.486 
11.964 
12.195 
14.070 
42.14
35.92
21.75
21.07
17.960
16.862
14.781
14.048
11.065
10.877
10.536
9.545
8.980
8.833
8.810
8.429
7.390
7.251
6.289
 
Intensity code: Very Strong, Strong, Medium, Weak, Very Weak. 
a = 71.8 (4) Å, b = 52.0 (4) Å, γ = 90°; 
A = 3.73 (9) × 103 Å2 (Z = 2). 
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Figure S2:29 XRD of compound 3 at 125°C.  
 
Colh. d10 = d01 = d1-1 = 36.0 (4) Å;  
a = b = 41.6 (1) Å, γ = 120°;  
A = 1.50 (0) × 103 Å2 (Z = 1). 
 
In QPP 4, the stacked mesogens were arranged in rows with a low lateral registry 
explaining the broadening and low number of (hk0) reflections, whilst the enlarged 
conjugated core led to a registry between the stacking mesogens. Consequently, the 
diffraction pattern at 125 °C was best described as a lamellar Colr phase (LamColr) 
(Figure S2:30). Reflections 1 to 8 were slightly broadened, as the sample was a solid 
even in the mesophase and took time to organize in a quasi long-range ordered lattice. 
After a first cooling from 140°C, only the (h00) and (00k) reflections and the unique (hkl) 
reflection (N°8) were visible. After further stay at 125°C, reflections became thinner and 
some additional very weak reflections (N°3 and 5) were distinguishable. These signals 
could be indexed as (hk0) reflections of the centered rectangular sub-lattice. The (110) 
reflection belonging to the series was not measurable because it overlapped with the 
strong and slightly broadened (200) reflection, which was slight shift of the peak position 
determined for (200) because of the overlap. The only visible signal of the 3-D lattice 
(N°8) evidenced quasi long range correlation in the respective positions of molecules 
from different stacks. The uniqueness of the reflection indicated angles close to 
56 
orthogonal, leading to an overall orthorhombic cell, whilst the dissymmetry of the signal 
resulted from the overlapping contribution of the different (hk1) reflections. 
 
 
Figure S2:30 XRD of compound 4 at 125 °C: 3-dimensional mesophase with LamColr sublattice. hch: 
scattering from laterals distances between molten chains. hπ-π: scattering from π-π stacked parts. 
 
Table S2:4 Detailed indexation of diffraction patterns of all liquid-crystalline phases of compounds 3 and 4 
(2θ is the diffraction angle in degrees); dmeas and dcalc in Å are the observed and calculated spacings, 
respectively; I is the height of the diffraction peak relative to the highest peak; hkl is the indexation of the 
two-dimensional lattice; a and b are the lattice parameters; A is the lattice area; V is the lattice volume; Z is 
the amount of molecules per lattice.) 
 
N° 2θmeas° dmeas Å I h k l 2θcalc° dcalc Å
 
1 
2 
3 
4 
5 
6 
7 
 
 
 
8 
 
2.57 
3.62 
4.29 
5.17 
6.81 
7.29 
10.34 
 
 
 
17.82 
34.4
24.4
20.6
17.1
13.0
12.1
8.55
4.97
S
VS
VW
M
VW
W
VW
W
1 1 0
2 0 0
0 2 0
3 1 0
4 0 0
5 1 0
0 4 0
8 0 0
1 0 1
0 1 1
2 0 1
0 2 1
2.233 
2.591 
3.637 
4.291 
5.182 
6.730 
7.278 
10.375 
17.491 
17.538 
17.636 
17.823 
39.54
34.08
24.27
20.57
17.04
13.12
12.13
8.519
5.066
5.052
5.024
4.972
 
Intensity code: Very Strong, Strong, Medium, Weak, Very Weak. 
a = 68.1 (5) Å, b = 48.5 (4) Å, c = 5.08 (0) Å, a = b = γ = 90°; 
A = 3.30 (8) × 103 Å2 (Z = 2), V = 16.8(1) × 103 Å3 (Z = 2). 
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Chapter 3. Temperature Dependent Fluorescence of 
Columnar Mesophases of Board-Shaped Liquid Crystals 
3.1. Introduction 
Columnar stacks of polyaromatic compounds such as discotic liquid crystals are an 
emerging class of organic semiconductors that show high and anisotropic charge 
conduction along their π-π stacks.1-4 Application of columnar organic semiconductors 
as light emitting materials in devices such as OLEDs is hampered by low 
fluorescence quantum yields when the cofacial stacking in columns generates H-
aggregates in which the lowest exited state is not optically coupled to the ground 
state.5 
 A potential remedy is to design molecules that form columnar π-π stacks in which 
the parallel alignment of transition dipoles in columnar stacks is disfavoured by 
packing constrain. In fact, an orthogonal orientation of transition dipoles of stacked 
chromophores should result in a minimum coupling between their transition dipoles.5 
The applicability of this concept was demonstrated on sets of disc-shaped pyrene 
derivatives but they either did not display columnar mesophases or their properties 
as semiconductors are compromised by large stacking distances of > 4.4 Å.6,7 
 Board-shaped perylene derivatives form fluorescent columnar mesophases when 
they arrange into tilted stacks (J-aggregates) or their molecular long axes have 
angled orientations within a stack.8-13 These materials can function as fluorescent 
columnar organic semiconductors and OLED devices have been prepared with 
perylene tetraesters.9 Fluorescent columnar mesophases may also be formed by 
molecules that stack with distances > 4 Å and by aggregates of molecules, such as 
polycatenar-type liquid crystals (Figure 3:1)14,15 which possess a long rod-like rigid 
core (usually contains five aromatic rings) ending in two half-disc moieties 
(possesses two or three parpffinic chains grafted on both terminal phenyl rings in 
60 
meta and/or para positions), but their charge transport properties are expected to be 
deficient.16  
 
Figure 3:1 Polycatenar-type liquid crystals. 
 
3.2. Results and Discussion 
Reported herein were two new board-shaped liquid crystals 5 and 6 based on a 
quinoxalino[2’,3’:9,10]phenanthro[4,5-abc]phenazine core17 that formed fluorescent 
columnar mesophases with stacking distances < 4 Å. Compound 5 was prepared by 
condensation of diamino-ortho-terphenyl 3 with di-t-butyltetraketopyrene 4 in > 90% 
yield (Scheme 3:1).  Compound 4 was prepared following a previously reported 
procedure18 and 3 was prepared by Suzuki coupling between 2.2 equivalents of 
boronic acid 2 and 1,2-dibromo-4,5-diamonibenzene 1 in 60% yield.19 Oxidative 
coupling of the neighbouring didodecyloxyphenyl groups in 5 with VOF3 yielded 6 in > 
70%. Synthetic details of all synthetic steps and spectroscopic data are provided as 
SI. 
 
Scheme 3:1 Reaction conditions: (a) 5 mol% Pd(PPh3)4, 3 M NaOHaq, toluene, N2, 90 °C, 20 h; (b) acetic 
acid, N2, reflux, 24 h; (c) 4 eq. BF3·Et2O, 4 eq. VOF3, DCM, N2, rt, 20 min. 
 
Compounds 5 and 6 both displayed columnar mesophases that were studied by 
polarized optical microscopy (POM), thermal analysis, and X-ray diffraction (XRD). 
Compound 5 was obtained as a soft crystal phase when crystallized from solution and 
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melted into a 2-dimensional rectangular columnar mesophase (Colr) at 76 °C upon 
heating. Continuous heating generated a hexagonal (Colh) columnar mesophase at 
124 °C and an isotropic liquid at 170 °C (Scheme 3:2). Upon cooling, 5 formed the same 
high temperature Colh and Colr mesophases but did not crystallize into the soft crystal 
phase that was obtained from solution. Instead, 5 displayed another Colr mesophase at 
78 °C and partially crystallized into a soft crystal phase below 2 °C. All transitions 
observed on cooling were reversible in subsequent heating and cooling runs.  
Scheme 3:2 Reversible phase transitions of compounds 5 and 6 as determined by POM, DSC, and XRD. a 
The temperature is measured by POM. 
 
No difference between the first and subsequent heating runs was observed for 
compound 6 that displayed two reversible transitions between mesophases at 33 °C 
and 68 °C upon heating. The high temperature mesophase was stable to > 310 °C, 
well beyond 281 °C at which 6 started to decompose based on a 0.5% mass loss in 
thermal gravimetric analysis (TGA) under He. Compound 5 was stable to 296 °C, 
which illustrated that the extension of the conjugated system in 6 lowered thermal 
stability. 
 All phase assignments for compounds 5 and 6 were based on a combination of 
data from POM, DSC, and XRD. The low temperature Colr phases were denoted “soft 
crystals” because their wide angle diffraction patterns indicated partial crystallinity of 
the side-chains but the material still flowed under pressure. However, a high 
transition enthalpy of > 20 kJ/mol, which was indicative of a contribution of side-chain 
melting, was only observed for the soft crystal transition of 5. The two different Colr 
mesophases of 5 and 6 were likely of C2mm symmetry and P2gg symmetry, 
62 
respectively. Such a transition had previously been reported for rectangular metal-
organic liquid crystals.20 
 Only compound 5 displayed a Colh mesophase as highest temperature mesophase. 
Transitions from Colr to Colh were common in disc- and board-shaped liquid crystals 
but no lamellar mesophases were reported for other board-shaped liquid crystals.21 A 
detailed phase analysis by X-ray diffraction on aligned mesophases of 5, 6 were in 
progress and will be the subject of a comprehensive report on these materials. 
 Both compounds 5 and 6 strongly absorbed and emitted light. Absorption maxima 
for the lowest energy excitations of compounds 5 and 6 were at 445 nm and 473 nm 
in CH2Cl2 solution and their emission maxima were at 549 nm and 627 nm with 
fluorescence quantum yields of 45% and 2.6%, respectively. In comparison to 5, the 
bathochromic shift of the absorption and emission maxima of compound 6 was 
expected because of the extended conjugated system. 
Unexpected was the increase in Stokes shift from 104 nm for 5 to 154 nm for 6. This 
unusually large Stokes shift for a rigid polyaromatic compound was explained with an 
intramolecular charge transfer (ICT) state, which repositioned the first excited states to a 
lower level. DFT (B3LYP/6-31g(d,p)) calculations indicated that both compounds 5 and 6 
had distinct intramolecular donor-acceptor structures. The observed broad featureless 
emission and solvent dependence of the emission spectra were also consistent with the 
presence of an ICT state. 
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Figure 3:2 Variable temperature fluorescence spectra of 5 as thin film on quartz upon cooling under N2 
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(solid lines) and in CH2Cl2 solution at r.t. 
 
Remarkably, the fluorescence of compounds 5 and 6 remained intense in the 
columnar mesophases although the fluorescence intensity decreased and the 
emission maxima blue-shift by 6-15 nm with increasing temperature (Figure 3:2). All 
changes in emission intensity and maxima with temperature were reversible if the 
measurements were performed under N2 and excitation times were kept short to 
avoid photobleaching. The measurements on films were conducted with an 
integrating sphere for a quantitative evaluation of the emission data but small 
deviations due to large changes in the polarization, especially at phase transitions, 
cannot be fully excluded. Absorption spectra of the films only showed minimal 
changes with temperature and shifted to the blue with increasing temperature (see 
Figure S3:7). The temperature dependence of these phenomena suggested that the 
intermolecular interactions of compounds 5 and 6 change but a more detailed 
analysis of the changes to the intermolecular interactions with temperature is 
required for more definitive statements and are presently conducted in collaboration 
with other groups. Of the few existing studies on temperature dependent absorption 
and fluorescence of solids most explain the observed data with a change from 
monomer to exciplex fluorescence22 but this can be excluded here because the 
changes in fluorescence maxima also occur in solution when the polarity of the 
solvent was changed. 
 A comparison of the absorption and emission spectra in solution and film revealed 
distinct red-shifts of the absorption maxima by 6-7 nm and a blue-shift of the 
emission maxima by 26-41 nm in the films in comparison to the values in CH2Cl2 
solution. A similar shift of the emission maxima is observed when the solvent was 
changed from polar (e.g. dichloromethane) to non-polar (hexane) (see Figure S3:9). 
This illustrates that the observed changes in the emission spectra are not caused by 
specific electronic interactions between compounds 5 or 6 but are a result of a 
general change in polarity of the environment. The red-shift of the absorption maxima 
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from solution to film implied the formation of J-type aggregates and absence of H-
aggregates. However, a comparison of absorption spectra in polar and non-polar 
solvents reveals similar spectra for compound 6 in hexane and as film but compound 
5 actually gives a blue shift in hexane when compared to a solution in 
dichloromethane whereas a red-shift is observed for the film. Clearly, more work is 
required to fully elucidate the reasons for all individual phenomena that cause the 
observed changes in absorption and emission spectra. 
 It was evident from the wide-angle diffraction data that the π-π stacking distance in 
the columnar phases of 5 was between 3.5-3.7 Å and between 3.4-3.6 Å for the more 
planar 6. Preliminary computational studies on dimers suggested that these packing 
distances can only be achieved if stacked molecules were rotated by about 40-60° to 
avoid repulsion between the t-butyl groups and in 5 also tilted dialkoxyphenyl rings. 
An example of a rotated but centred dimer of 6 is given in Figure 3:3. In the Colr 
mesophases, the molecules were also tilted with regard to the stacking axis (shifted 
off-centre with regard to each other). 
Both a rotation angle of 40-60° and an off-centered stacking of molecules lowered 
excitonic coupling and were proposed to be the major contributors to the high 
fluorescence intensity of the mesophases. The observed decrease in fluorescence 
intensity with increasing temperature can be explained with an increase in molecular 
mobility that reduced the rotation angle and degree of shift on time average. 
 
Figure 3:3 Stacked dimer of 6 with a rotation of 45° but not shifted off centre. 
 
Compounds 5 and 6 also had interesting electronic properties. Their optical HOMO-
LUMO gaps were determined by UV-Vis spectroscopy and frontier orbital energies 
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were estimated by cyclic voltammetry in solution. Compound 5 was reversibly 
reduced at E1/2 = -1.29 V and E1/2 = -1.49 V in CH2Cl2 solution and irreversibly 
oxidized at Ep = +1.23 V and Ep = +1.48 V vs Ag/Ag+. Based on the redox potentials 
in solution and by using ferrocene as reference, EHOMO and ELUMO were estimated to -
5.46 eV and -3.02 eV, respectively. The calculated electrochemical Egap of 2.44 eV 
was in accordance with the optical Egap of 2.61 eV in solution and 2.44 eV in film. 
 Compound 6 also displayed two reversible reduction steps at E1/2 = -1.27 V and E1/2 
= -1.45 V in CH2Cl2 solution but only one reversible oxidation step at E1/2 = +1.09 V vs 
Ag/Ag. The derived EHOMO and ELUMO were -5.41 eV and -3.05 eV, respectively, and 
the calculated electrochemical Egap is 2.36 eV. This value compared well with the 
optical Egap of 2.51 eV in solution and 2.33 eV in film. 
3.3. Conclusion 
In summary, we reported a new class of fluorescent columnar liquid crystals. 
Fluorescence quenching due to H-aggreagtion was circumvented by incorporating 
bulky groups that forced a rotation angle of 40-60° between stacking molecules as 
well as an off-centred stacking typical for board-shaped intramolecular donor-
acceptor molecules. A more stable derivative of compound 5 may potential be useful 
as emitting organic semiconductor in OLEDs and related devices. 
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3.4. Supplementary Information 
Synthesis 
Materials 
All reagents and solvents obtained from Sigma-Aldrich, Fluka, and Strem were used as 
received unless otherwise stated. Drying agents (MgSO4 as well as 3 Å and 4 Å 
molecular sieves) were purchased from VWR. 1-Propanol and methanol were dried over 
4 Å and 3 Å molecular sieves, respectively. Tetrahydrofuran, dichloromethane, toluene, 
and diethyl ether were obtained from a solvent purification system (Innovative 
Technology Inc. MA, USA, Pure-Solv 400). Silica gel 60 (35-70mesh ASTM, from EM 
Science, Germany) was used for column chromatography and Silica Gel 60 aluminum 
backed sheets (EM Science, Germany) for thin layer chromatography. 
Instrumentation 
1H-NMR & 13C-NMR spectra were obtained on Bruker NMR spectrometers (DRX 500 
MHz, DPX 300 MHz and DPX 300 MHz with auto-tune). The residual proton signal of 
deuterated solvents functioned as a reference signal. Multiplicities of the peaks were 
given as s = singlet, d = doublet, t = triplet, and m = multiplet. Coupling constants were 
given in Hz and only calculated for 1st-order systems. Data were presented in the 
following order (multiplicity, coupling constant, integration). Fourier Transform InfraRed 
spectra (FT-IR) were obtained on a Bruker Vector 22. Relative peak intensities in IR are 
abbreviated as vs = very strong, s = strong, m= medium, w = weak, br = broad. Liquid 
samples were performed as films on potassium bromide plates and solid samples were 
run as potassium bromide pellets. Mass spectrometry measurements were performed by 
Kirk Green at the Regional Center for Mass Spectrometry (McMaster University) and 
Jiaxi Wang at the Mass Spectrometry and Proteomics Unit (Queen’s University). UV-VIS 
absorption and photoluminescence spectra were recorded on a Varian Cary 50 Conc 
UV-Vis spectrophotometer and a PerkinElmer LS50B luminescence spectrometer, 
respectively. The optical energy gap (Eg) in eV vs. vacuum level were calculated 
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according to the equation Eg = 1240/λonset. 
Scheme S3:1 Reaction scheme for the preparation of 5 and 6. Reaction conditions: (a) 2.1 eq. p-TosCl, Py, 
N2, 0 °C to r.t., 20 h; (b) 2 eq. Br2, 2 eq. sodium acetate, glacial acetic acid, N2, 100 °C, 2 h; (c) conc. H2SO4, 
H2O, N2, 120 °C, 2 h; (d) 2.5 eq. BBr3, CH2Cl2, N2, 0 °C to r.t., < 20 h; 0.1 M HCl, 0 °C, 1 h; (e) 2.3 eq. 
BrC12H25, 2.5 eq. K2CO3, DMF, N2, 110 °C, 2 days; (f) 1.1 eq. n-BuLi, THF, N2, 0 °C to - 40 °C, 1 h; 1.2 eq. 
triisopropyl borate,  -45 °C to r.t., < 20 h; 0.1M HCl, 0 °C, 2 h; (g) 5 % mol Pd(PPh3)4, 3 M NaOHaq, toluene, 
N2, 90 °C, 20 h; (h) acetic acid, N2, reflux, 24 h; (i) 6 eq. BF3·Et2O, 6 eq. VOF3, CH2Cl2, N2, r.t., 20 min. 
 
Syntheses of S1-S4 and 1-3 have been described in Chapter 2. 
Synthesis of 6,7,15,16-tetrakis(3,4-bis(dodecyloxy)phenyl)-2,11-di-tert-
butylquinoxalino[2',3':9,10]phenanthro[4,5-abc]phenazine (5): A solution of 3 (2.2 eq.) 
and 2,7-di-tert-butylpyrene-4,5,9,10-tetraone 4 (1 eq.) in acetic acid was refluxed at 
120 °C for 24 h under N2 gas. Deionized water was added at room temperature and the 
mixture was extracted with CH2Cl2. Evaporation of the solvent gave the crude product 
that was dried under vacuum and purified by column chromatography on silica gel with 
hexanes/CH2Cl2 (1:1) to afford 5 as a yellow solid in 92% yield. IR (KBr) ʋmax (cm-1): 2919, 
2851, 1517, 1460, 1260. 1H NMR (300 MHz, CDCl3): δ (ppm) 9.79 (s, 4 H), 8.46 (s, 4 H), 
7.00 (d, J = 8.2 Hz, 4 H), 6.85 (m, 8 H), 4.03 (t, J = 6.4 Hz, 8 H), 3.80 (t, J = 6.4 Hz, 8 H),  
1.86 (m, 8H), 1.78 (s, 18H), 1.74 (m, 8H), 1.52-1.29 (m, 144H), 0.94 (t, J = 6.0 Hz, 24H). 
13C NMR (300 MHz, CDCl3): δ (ppm) 150.87, 148.71, 143.46, 143.16, 141.63, 133.59, 
130.02, 129.56, 125.72, 124.57, 122.55, 116.25, 113.55, 69.41, 35.97, 32.02, 31.92, 
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29.81, 29.77, 29.62, 29.57, 29.46, 29.33, 26.19, 22.76, 14.16. Anal. Calcd for 
C156H238N4O8: C, 81.55; H, 10.44; N, 2.44. found: C, 81.61; H, 10.64; N, 2.25. MALDI-MS 
m/e for C156H239N4O8 calcd (MH+) 2296.8418, found 2296.8525 (MH+). UV-vis (8.6 × 10-6 
M solution in CH2Cl2): λmax (ε) 259 nm (8.9 × 104), 329 nm (9.9 × 104), 445 nm (7.2 × 104). 
Fluorescence (8.6 × 10-7 M solution in CH2Cl2 λex 445 nm): λmax 549 nm. 
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Figure S3:1 1H NMR of 5 in CDCl3. 
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Figure S3:2 13C NMR of 5 in CDCl3. 
 
Synthesis of 12,27-di-tert-butyl-2,3,6,7,17,18,21,22-
octakis(dodecyloxy)phenanthro[9,10-
i]phenanthro[9'',10'':6',7']quinoxalino[2',3':9,10]phenanthro[4,5-abc]phenazine (6): 
Compound 6 was prepared following a procedure reported by Babuin et al.23 BF3·Et2O 
(0.12 mmol) followed by VOF3 (15 mg, 0.12 mmol) were added to a solution of 5 (70 mg, 
0.03 mmol) in CH2Cl2 under N2. The reaction mixture was stirred for 20 min and 
quenched with 5 mL dry MeOH. Deionized water was added to the mixture and the 
product was extracted with CHCl3 (3 × 50mL). The combined organic fractions were 
evaporated and the crude product was purified by column chromatography on silica gel 
with CHCl3 to afford 6 as an orange solid (55 mg, 78%). IR (KBr) ʋmax (cm-1): 2919, 2851, 
1609, 1510, 1467, 1421, 1264. 1H NMR (300 MHz, CDCl3): δ (ppm) 9.37 (s, 4 H), 8.20 (s, 
4 H), 7.95 (s, 4 H), 7.04 (s, 4 H), 4.56 (t, J = 6 Hz, 8 H), 3.70 (s, 8 H),  2.18 (m, 8 H), 2.06 
(s, 18H), 1.87 (m, 8 H), 1.76 (m, 8 H), 1.65 (m, 8 H),1.48-1.28 (m, 128 H, H2O and Halkyl), 
0.95 (m, 24H). 13C NMR (300 MHz, CDCl3): δ (ppm) 150.02, 149.36, 148.85, 142.05, 
138.25, 130.43, 128.61, 124.71, 124.01, 123.70, 122.40, 121.04, 108.19, 105.61, 69.40, 
70 
68.80, 36.01, 32.63, 32.13, 32.09, 30.14, 30.08, 30.03, 29.98, 29.92, 29.77, 29.62, 29.59, 
29.41, 26.90, 26.36, 22.85, 14.23, 14.20. Anal. Calcd for C156H234N4O8: C, 81.69; H, 
10.28; N, 2.44. Found: C,81.52; H, 10.48; N, 2.69. MALDI-MS m/e for C156H235N4O8 calcd 
(MH+) 2292.8105, found 2292.8497 (MH+). UV-vis (8.9 × 10-6 M solution in CH2Cl2): λmax 
(ε) 267 nm (10.2 × 104), 300 nm (8.4 × 104), 366 nm (15.0 × 104), 473 nm (7.2 × 104). 
Fluorescence (8.9 × 10-7 M solution in CH2Cl2, λex 473 nm): λmax 627 nm. 
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Figure S3:3 1H NMR of 6 in CDCl3. 
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Figure S3:4 13C NMR of 6 in CDCl3. 
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UV-Vis Absorption and Fluorescence Data 
300 400 500 600 700 800
0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
0
100
200
300
400
500
600
ab
so
rb
an
ce
 (a
. u
.)
 (nm)
 5
 6
em
ission (a. u.)
 
Figure S3:5 Absorption and fluorescence spectra of compounds 5 (8.6 × 10-7 M) and 6 (8.9 × 10-7 M) in 
CH2Cl2 solutions. Excitation of 5 at 329 nm and of 6 at 473 nm. Excitation of 5 at 445 nm produces an 
emission spectrum of identical shape and maximum. 
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Figure S3:6 Absorption spectra of compounds 5 and 6 as thin films on quartz and in CH2Cl2 solutions. 
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Figure S3:7 Variable temperature UV-Vis spectra of 5 (left), 6 (right) as thin film on quartz under Ar. The 
temperature dependence of the absorption spectra of both compounds is reversible. 
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Figure S3:8 Variable temperature fluorescence spectra of 5 (left) and 6 (right) as thin film on quartz under 
Ar. The temperature dependence of the fluorescence is reversible as long as photobleaching is kept at a 
minimum. A solution fluorescence spectrum of 5 in CH2Cl2 (8.6 × 10-7 M) is shown for comparison (Excitation 
at 445 nm). A solution fluorescence spectrum of 6 in CH2Cl2 (8.9 × 10-7 M) is shown for comparison 
(Excitation at 473 nm).  
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Figure S3:9 Absorption and fluorescence spectra of 5 (left) and 6 (right) in different solvents. 
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Table S3:1 Extinction coefficients ε and quantum yields Ф for 5 and 6 in solution (CH2Cl2). Coumarin 6 is 
measured in ethanol.24 
 
 
 
Concentration 
(M) 
Absorption/nm 
(logε) ε (M
-1cm-1) Emission (nm) Ф (%)
5 8.62E-06 
445/4.86 7.18E+04 (±0.10E+04)
549 
(λex= 445) 45329/5.00 9.92E+04 (±0.20E+04)259//4.95 8.92E+04 (±0.87E+04)
6 8.94E-06 
473/4.86 7.25E+04 (±0.39E+04)
627 
(λex= 473) 2.6
366/5.18 15.0E+04 (±0.96E+04)
300/4.93 8.44E+04 (±0.76E+04)
267/5.01 10.2E+04 (±0.92E+04)
Reference Compound 
Coumarin 
6 2.85E-07 
445/4.75 5.68E+04  
 78475/4.69 4.92E+04 
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Electrochemistry (EC) 
Cyclic voltammetry (CV) was performed on a standard one-compartment, three-
electrode cell connected to an Electrochemical Analyzer BAS 100B/W (Bioanalytical 
Systems). A glass carbon disk (3-mm diameter) was used as working electrode with a Pt 
wire as the counter electrode and an Ag/AgCl electrode as the reference electrode. 
Solvents were obtained from a solvent purification system (Innovative Technology Inc. 
MA, USA, Pure-Solv 400) and tetrabutylammonium perchlorate (TBAClO4) of 
electrochemical grade was used as supporting electrolyte (Aldrich). Ferrocene (Fluka) 
functioned as the internal standard (E1/2ox of ferrocene/ferrocenium in CH2Cl2 was 0.48 V 
vs. Ag/AgCl and set equal to 4.80 eV) and all measurements were conducted under dry 
argon.  
 
 
Figure S3:10 Cyclic voltammograms of irreversible oxidation (left) and reversible reduction (right) of 5 in 10-3 
M CH2Cl2 solution. 
 
 
 
Figure S3:11 Cyclic voltammograms of reversible oxidation (left) and reduction (right) of 6 in 10-4 M CH2Cl2 
solution. 
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Table S3:2 Redox Properties of 5 and 6 in solution at Galssy Carbon Electrode. 
 
Compound E1/2
red vs. Ag/Ag+ 
(eV) a 
Egap 
(eV) b 
E1/2ox vs. Ag/Ag+ 
(eV) 
EHOMO 
(eV) c 
ELUMO 
(eV) c 
5 -1.29 (1st), -1.49 (2nd) 2.44 1.14 -5.46 -3.02 
6 -1.27 (1st), -1.45 (2nd) 2.36 1.09 -5.41 -3.05 
 
a E1/2 = (Ep,a+Ep,c)/2 at 100 mVs-1. b ∆E = E1/2 (first oxidation) - E1/2 (first reduction) = HOMO-LUMO gap. c eV 
= - [E1/2 - (0.48 V)] - 4.8 eV (0.48 V is the averaged E1/2ox of ferrocene/ ferrocenium (Fc) versus Ag/Ag+; 
measured value of  E1/2 is 0.48 V in CH2Cl2 solution. 
 
Computational Studies with Gaussian 03 (DFT-B3LYP/6-
31g(d,p)) 
Table S3:3 Calculated HOMOs and LUMOs of 5 and 6 in vacuum. 
 
Compounds HOMO (eV) Egap (eV) LUMO (eV) 
5 
-5.10 
2.98 
-2.12 
 
6 
-5.02 
 
2.84 
-2.26 
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Mesomorphism 
Polarized light microscopy was performed on an Olympus TPM51 polarized light 
microscope that is equipped with a Linkam variable temperature stage HCS410 and 
digital photographic imaging system (DITO1).  Calorimetric studies were conducted on a 
Mettler Toledo DSC 822e and thermal gravimetric analysis was performed on a Mettler 
Toledo TGA SDTA 851e.  Helium (99.99%) was used to purge the system at a flow rate 
of 60 mL/min.  Samples were held at 30 °C for 30 min before heated to 550 °C at a rate 
of 5 °C/min.  All samples were run in aluminium crucibles. XRD measurements were run 
on a Bruker D8 Discover diffractometer equipped with a Hi-Star area detector and 
GADDS software package.  The tube was operated at 40 kV and 40 mA and CuK 1 　
radiation (=1.54187 Å) with an initial beam diameter of 0.5 mm is used.  A modified 
Instec hot & cold stage HCS 402 operated via controllers STC 200 and LN2-P (for below 
ambient temperatures) was used for variable temperature XRD measurements. 
Polarized Optical Microscopy (POM)  
 
 
Figure S3:12 Photomicrograph of compound 5 sandwiched between glass slides (scale bar is 0.5 mm). 
Mostly homeotropically aligned (pseudoisotropic) domains with some spherulite textured domains at 166 °C 
upon cooling from the isotropic phase at 1 °C/min (crossed polarizers). 
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Figure S3:13 Photomicrographs of compound 5 sandwiched between glass slides (scale bar is 0.5 mm). 
spherulite textured domains and homeotropically aligned domains of Colh phase (slightly sheared to improve 
visibility) at 126 °C upon cooling from the isotropic phase (left). Same area cooled to 104 °C after transition 
into Colr phase (polarizers at 70° for better visibility of the darker, formerly pseudoisotropic areas) (right). 
 
  
 
Figure S3:14 POM photomicrographs of compound 6 sandwiched between glass slides at 25 °C (left) and 
200 °C (right) (crossed polarizers, scale bar is 0.2 mm). The observed micro-domain texture is often 
displayed by highly viscous discotic mesophases that do not from an isotropic liquid phase but is 
uncharacteristic for different types of columnar mesophases.  
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Thermal Gravimetric Analysis (TGA) 
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Figure S3:15 TGA of compounds 5 (solid) and 6 (dash) at 2 °C/min under He. 
 
Differential Scanning Calorimetry (DSC) 
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Figure S3:16 DSC graphs (baseline corrected) of compound 5 at 10 °C/min (left) and 5 °C/min (right) under 
N2.The small transitions between 50 and 150 °C are not well resolved in the overview scans (left) but clearly 
visible in the runs at lower scan rate and smaller temperature range (right). However, the clearing transition 
at about 170 °C observed by POM is not visible in any of the DSC runs. In contrast, the transition at 80 °C is 
difficult to observe by POM. The stronger peak at 69 °C in the 1st heating indicates a transition from a 
crystalline phase to a liquid crystal phase. This crystal phase of compound 5 is only formed when the 
compound is precipitated from solution whereas cooling of the liquid crystal phase generates a soft crystal 
phase at a lower transition temperature of 2.1 °C.  
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Figure S3:17 DSC graphs (baseline corrected) of compound 6 at 10 °C/min under N2. The two reversible 
transitions at 33.5 and 68.7 °C are well resolved in the overview scans. 
 
Variable Temperature X-ray Diffraction (VT-XRD) 
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Figure S3:18 VT-XRD of compound 5. (a) First heating at 50 °C (Soft crystal phase obtained by precipitation 
from solution); (b) First heating at 100 °C (Colr2); (c) First heating at 125 °C (Colh); The phase assignment is 
based on the large pseudo-isotropic areas 5 displays when sandwiched between glass slides and cooled 
from the isotropic liquid phase, which are indicative of a vertically (homeotropically) aligned Colh mesophase. 
The diffraction pattern is inconclusive because only a broad (10) reflection is observed in the small angle 
region. The broadening of the (10) reflection is probably caused by a low intercolumnar stacking order that 
can be reasoned with the large molecular aspect ratio of 1:5; (d) First cooling at 20 °C (Colr1); (e) First 
cooling at -10 °C (Colr with partially crystallized side-chains). 
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Figure S3:19 VT-XRD of compound 6. (a) First heating at 25 °C (Soft Cry); (b) First heating at 80 °C (Colr1); 
(c) First heating at 200 °C (Colr2, close to pseudohexagonal with a = 3 b); (d) First cooling at 50 °C (Soft 
Cry). 
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Table S3:4 Detailed indexation of diffraction patterns of all liquid-crystalline phases of compounds 5 and 6 
(2θ is the diffraction angle in degrees); dobs and dcalc in Å are the observed and calculated spacings, 
respectively; I is the height of the diffraction peak relative to the highest peak; hk is the indexation of the two-
dimensional lattice; a and b are the lattice parameters; S is the lattice area.) 
 
5 
T (°C) 2θ (°) dobs (Å) I (%) 
Cry 
50 
3.14 28.1 85 
4.41 20.0 97.1 
5.18 17.1 100 
6.27 14.1 14.4 
7.51 11.8 14.6 
8.35 10.6 11.8 
8.77 10.1 10.9 
9.42 9.39 5.7 
10.3 8.57 12 
11.3 7.81 6.4 
12.5 7.06 12.8 
13.2 6.71 7.1 
14.6 6.06 7.6 
15.6 5.67 14.8 
16.3 5.43 17.9 
17.6 5.03 13 
18.8 4.71 14.8 
20.1 4.42 31.1 
21.4 4.15 30.6 
22.6 3.93 19.3 
23.0 3.87 19.4 
23.8 3.73 16.4 
25.0 3.56 10 
25.9 3.44 7.7 
T (°C) 2θ (°) dobs (Å) I (%) hk (C2mm)
dcalc 
(Å) 
Colr2; 
a=71.3 Å; 
b=27.7 Å; 
Sr= 1975 Å2 (2 molecules); 
(There cannot be two identical 
space groups (C2mm); 
Consequently, the peak 
assignment is not valid and more 
detailed pXRD studies on 
aligned samples are presently 
conducted and will be presented 
in a full paper on these types of 
compounds) 
100 
2.48 35.6 100 20 35.6 
3.43 25.8 70.7 11 25.8 
5.04 17.5 6.3 40 17.8 
6.54 13.5 4.9 02 13.8 
6.71 13.2 5.7 22 12.9 
7.13 12.4 5 51 12.6 
7.84 11.3 4.2 60 11.8 
8.33 10.6 4.4 42 10.9 
9.42 9.38 3.8 71 9.56 
18.7a 4.75 8.5 
24.5b 3.64 4.2 
T (°C) 2θ (°) dobs (Å) I (%) hk dcalc Colh; 
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(P6mm) (Å) a=36.5 Å; 
Sh=1153 Å2; 
103
4da 
;
2
103
2 dSS h   
125 
2.8 31.6 100 10 31.6 
18.6a 4.77 18.6 
24.4b 3.65 9.1   
T (°C) 2θ (°) dobs (Å) I (%) hk (C2mm)
dcalc 
(Å) Colr1; 
a=74.5 Å; 
b=27.0 Å; 
Sr=2012 Å2 (2 molecules); 
2
2
2
2
2
1
b
k
a
h
dhk

; 
baSS r 
  
20 (on 
cooling) 
2.37 37.3 100 20 37.3 
3.48 25.4 41 11 25.4 
4.92 18 4.5 31 18.3 
6.73 13.1 4.3 51 13.1 
7.88 11.2 3.3 42 10.9 
9.32 9.48 3.6 80 9.32 
19.6a 4.52 8.9 
25.1b 3.54 4.3 
6 
T (°C) 2θ (°) dobs (Å) I (%) 
Cry 
25 
2.78 31.8 23.2 
3.66 24.1 100 
7.36 12.0 13.2 
16.2 5.45 10.6 
16.8 5.26 11.5 
19.6 4.52 14.4 
20.2 4.39 13.8 
24.7 3.60 10.1 
27.3 3.27 6.5 
T (°C) 2θ (°) dobs (Å) I (%) hk (P2gg) 
dcalc 
(Å) Colr1; 
a=44.4 Å; 
b=29.2 Å; 
Sr=1296 Å2; 
(The area cannot be correct 
because it is too small for 2 
molecules; Consequently, the 
peak assignment is not valid and 
more detailed pXRD studies on 
aligned samples are presently 
conducted and will be presented 
in a full paper on these types of 
compounds) 
50 
3.62 24.4 100 11 24.4 
3.98 22.2 57.9 20 22.2 
7.35 12 12 22 12.2 
13.8 6.43 6.7 34 6.55 
16.7 5.32 10.3 73 5.31 
18.6 4.76 11.1 26 4.75 
19.6 4.53 12.8 65 4.58 
21.4a 4.15 9.4 
24.4b 3.64 8.2 
T (°C) 2θ (°) dobs (Å) I (%) hk (P2gg) 
dcalc 
(Å) 
Colr2; 
a=43.9 Å; 
b=31.7 Å; 
Sr=1392 Å2; 
(The area and the space group 
cannot be right. More detailed 
200 
3.44 25.7 100 11 25.7 
4.02 22 29.4 20 22 
5.62 15.7 5.9 02 15.8 
84 
6.92 12.8 6.6 22 12.8 pXRD studies on aligned 
samples are presently 
conducted and will be presented 
in a full paper on these types of 
compounds) 
7.88 11.2 5.6 40 11 
15.7 5.66 6 35 5.81 
16.7a 5.31 8 
24.4b 3.64 4.5 
 
aDiffuse broad reflection (halo) of aliphatic side-chains in an amorphous (molten) state; bStacking distance in 
the columnar arrangement. 
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Chapter 4. Ionic Discotic Liquid Crystals 
4.1. Introduction 
Ionic liquid crystals are ionic liquids that self-organize into liquid crystal phases above 
their melting and below their clearing (transition into isotropic liquid phase) temperatures 
or in solution at specific concentrations and temperatures. Ionic compounds that form 
liquid crystal phases in solution are categorized as lyotropic ionic liquid crystals (e.g. 
many ionic surfactants) while ionic compounds that melt into liquid crystal phases in the 
absence of solvents are categorized as thermotropic ionic liquid crystals.1 Some ionic 
liquid crystals display both thermotropic and lyotropic mesomorphism and each category 
is subdivided into classes based on the structures of the displayed liquid crystal phases 
as illustrated in Figure 4:1.2 
 
Figure 4:1 Categorization of lyotropic and thermotropic ionic liquid crystals. 
 
A number of recent reviews have dealt with different aspects and types of lyotropic and 
thermotropic ionic liquid crystals and the interested reader is referred to them for a 
general overview of the field.1,3-6 Presented here is the first review dedicated specifically 
to ionic discotic liquid crystals and their thermotropic mesomorphism. Lyotropic 
mesophases of ionic discotic liquid crystals arguably belong to the class of chromonic 
liquid crystals, although many known chromonic liquid crystals are board-shaped rather 
than disc-shaped ionic polyaromatic compounds. Chromonic liquid crystals have been 
extensively reviewed by Lydon7,8 and Tam-Chang9 but their reviews exclusively focus on 
aqueous chromonic phases. Neutral discotic liquid crystals that form lyotropic liquid 
crystal phases in organic solvents are structurally similar to chromonic phases of ionic 
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aromatic compounds in aqueous solutions and may also be categorized as chromonic 
liquid crystal phases.10,11 However, the lyotropic mesomorphism of neutral discotic 
compounds in organic solvents has been little studied beyond the observation of nematic 
(N-type) and columnar (M-type) mesophases (Figure 4:2) but many of these compounds 
also display thermotropic liquid crystal phases. Similarly, it may be expected that several 
thermotropic ionic liquid crystals reviewed in the following also display lyotropic 
(chromonic) mesophases in polar solvents if sufficiently soluble. 
Thermotropic mesophases of ionic discotic liquid crystals (iDLCs) predominantly 
consist of columnar structures although lamellar and cubic phases have also been 
reported but no nematic phases (Figure 4:2). Columnar mesophases formed by other 
thermotropic ionic liquid crystals, such as dendritic, wedge-shaped, and polycatenar-type 
liquid crystals have been covered in other reviews and are not included here.1,3,5,6,12-17 
 
Figure 4:2 Graphical representations of discotic nematic (A), columnar nematic (also chromonic N-phase) 
(B), hexagonal columnar (similar to chromonic M-phase) (C), rectangular columnar (D), oblique columnar 
(E), columnar lamellar (F), tetragonal columnar (G), and discotic (bicontinuous) cubic (H) mesophases. 
 
4.2. Columnar Mesophases of iDLCs 
Columnar mesophases of non-ionic discotic liquid crystals have been intensely studied 
over the past 20 years, mainly because of their exceptional properties as organic 
semiconductors.18-21 Structurally related iDLCs have been given comparatively little 
attention for several reasons: their properties as organic semiconductors are uncertain 
because localized charges may function as traps for holes and electrons, measurements 
of their electronic properties are complicated by their ionic character, and ionic impurities 
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that hamper performance in electronic devices are more difficult to remove. On the up-
side, iDLCs potentially provide materials that show both electronic and ionic conductivity, 
may better align on substrates, are often water soluble and better compatible with 
biological materials, and can be processed by several low cost techniques such as 
printing and electrostatic layer-by-layer deposition. 
Another advantage of iDLCs over non-ionic discotic liquid crystals is the often 
observed stabilization of their liquid crystal phases by the additional long range ionic 
interactions.22 Ionic interactions can also be expected to control relative stacking 
orientations within columnar stacks and, in general, molecular dynamics, similar to what 
has been observed in many H-bonded discotic liquid crystals.23 However, the majority of 
reports on iDLCs have simply focused on the effect of charge on their mesomophism, 
which is the foundation for this review, while the number of detailed studies on their 
electronic and other materials properties is rather limited. 
Instead of following the common categorization based on types of core structures, the 
compounds reviewed here are subdivided into three main parts: monomeric iDLCs with 
charged side-chains, monomeric iDLCs with charged aromatic cores or charged groups 
directly attached to the core, and oligomeric and polymeric iDLCs. We expect the chosen 
type of categorization to better illustrate structure-property relationships and reveal 
general trends as they seem to depend more on the location and type of the charged 
groups than the type of core structure.  
4.3. Monomeric iDLCs with Charged Side-Chains 
Triphenylene is still the most prominent discotic core structure and this is not different 
for the class of iDLCs. Triphenylene based iDLCs consisting of a neutral core and 
charged side-chains are summarized in Schemes 4:1 and 4:2. The majority of these 
compounds contains imidazolium as cationic unit (Scheme 4:1) and will be discussed 
first. 
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Aida and co-workers24 investigated a set of hexa-imidazolium compounds 1 to 6 that 
display not only Colh mesophases but also bicontinuous cubic (Cubbi) mesophases at 
lower temperatures. Surprising is that all of these hexa-salts form glasses and no crystal 
phases upon cooling from their mesophases despite their highly ionic charcter. Glass 
formation and suppressed crystallization can be advantages for applications in organic 
electronics.25 Aliphatic spacers of more than 8 carbon atoms are required for the 
induction of mesomorphism and the Cubbi phases are stabilized by longer spacers, while 
the Colh phases are destabilized. Clearly, formation of stable Colh mesophases requires 
a well tuned length of the aliphatic spacers to favor a disc-shaped packing of the core 
and the surrounding imidazolium units. The authors concluded from their X-ray diffraction 
data that these materials also π-π stack in their Cubbi phases, which may explain the 
observed semiconducting properties of these phases. An astonishing high intrinsic 
charge carrier mobility of 3 × 10-4 cm2 V-1 s-1 was measured for the low temperature Cubbi 
phase of compound 1-10 by flash-photolysis time-resolved microwave conductivity. In 
fact, the mobility of the cubic phase is slightly higher than for its high temperature Colh 
phase, although these mobility values are low when compared with mobility values of 
>10-2 cm2 V-1 s-1 regularly found in Colh phase of neutral DLCs.26 However, the 
observation of reasonable charge carrier mobility in compound 1-10 is important 
because it demonstrates for the first time that iDLCs and also 3-dimensional 
bicontinuous cubic mesophases can function as organic semiconductors. We note that 
cubic mesophases have also been reported for neutral DLCs by Ohta and others,27-29 
which will hopefully encourage more detailed work on these cubic mesophases and their 
charge transport mechanisms. 
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Scheme 4:1 iDLCs based on triphenylene cores and imidazolium cations attached via side-chains. 
 
Less spectacular but still unusual is the mesomorphism of the reported triphenylene 
derivatives 7 and 8 that contain only one imidazolium unit (Scheme 4:1). The 
triphenylene derivatives 7 reported by Zhu and co-workers30 are prepared via 
esterification of pentapentyloxy hydroxy triphenylene with carboxylic acids containing 
terminal bromine groups. Imidazolium end groups are generated by substitution of the 
bromine with methylimidazole in the final step. These mono-esters of triphenylenes are 
known to suppress crystallization and promote formation of glasses31 but the 
intermediate bromine terminated esters reported here partially crystallized although glass 
transitions are also observed by DSC. Only the bromine terminated ester with shortest 
C5-spacer displays Colh mesomorphism while the other two bromine terminated esters 
with longer aliphatic spacers are not mesomorphic. 
Substitution of bromine by imidazolium inverts the behaviour and only compounds 7-8 
and 7-11 with longer aliphatic spacers display columnar mesomorphism. Again, 
mesomorphism is suppressed if the imidazolium is too close to the core. The columnar 
mesophases of 7-8 and 7-11 are described as oblique (Colob) and rectangular (Colr), 
respectively, and their formation is driven by the ionic interactions of the imidazolium 
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ligands that induce layer formation in addition to columnar stacking of the triphenylene 
units (Figure 4:3). A co-existence of the bi- and mono-layer Colr mesophases is 
proposed for 7-11 and based on XRD patterns and a splitting of the DSC peak for the 
clearing point (transition into isotropic liquid phase). 
a b
c
Figure 4:3 Cartoons of the bi- and mono-layer structures of oblique (a) and two rectangular (b and c) 
columnar mesophases (plane groups pm and p2mg for b and c, respectively) of compounds 7-8 and 7-11. 
 
Analogous to compounds 7 are the triphenylenes 8 reported by Kumar et al. (Scheme 
4:1).32 Instead of an ester linkage they used the ether linkage, which clearly stabilized 
the crystalline phases of these compounds. Their melting points are surprisingly similar 
to the parent hexapentyloxy triphenylene but their Col mesophases clear at lower 
temperatures. However, it is surprising that compounds 8 do display columnar 
mesomorphism despite their short pentamethylene spacer chains. Unfortunately, the Col 
mesophases of compounds 8 were not studied by X-ray diffraction and no derivatives 
with longer spacer chains have been reported, which makes a detailed comparison with 
compounds 7 impractical. 
Kumar et al. also reported analogues of compounds 8 that contain pyridinium instead 
of imidazolium end groups (9 in Scheme 4:2).33 In this study the length of the aliphatic 
spacer and the side-chains was varied. The most stable Col mesophase and no crystal 
phase is generated by compound 9-5a that has the shortest tested spacer chain and 
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side-chains. Surprisingly, all other compounds with longer spacer chains and longer 
side-chains are crystalline and melt at relatively high temperatures of 83 °C and above, 
except for 9-6 that melts at 25 °C. These differences are difficult to explain unless the 
mesophases displayed by the different compounds 9 have different structures, but the 
structures of the observed mesophases were not studied in any detail. 
R
R
R
R
R
R
11: R = O
O
N
H
NH
OR
O
OR
OR
RO
RO
N
Br
n
9-5a: n = 3, R = C4H9; Col (110 °C) I
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Scheme 4:2 Triphenylene compounds that have ionic groups other than imidazole attached via aliphatic 
spacer chains. 
 
Another mono-pyridinium salt of alkoxy triphenylenes (10 in Scheme 4:2) was reported 
by Wendorff and co-workers.34 Compound 10 is the only ionic derivative of several 
mono-ester derivatives that were studied and has the pyridinium unit directly attached to 
the carbonyl group (no aliphatic spacer chain). Comparison between neutral and ionic 
bulky end groups reveals the expected increase in melting temperature to almost 200 °C 
for the ionic compound, which is why it displays only a monotropic and metastable Colh 
mesophase. In general, clearing temperatures decrease and melting temperatures 
increase with increasing size and polarity of the aromatic group attached to the ester 
carbonyl group. 
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Compound 11 reported by Bai and co-workers35 forms gel phases and self-organizes 
into nano-fibers due to ionic and H-bonding interactions but no thermotropic liquid crystal 
phase was observed, although π-π stacking interactions of the cores are proposed for 
the gel phase and fibers, based on optical properties. Rectangular columnar 
mesophases are displayed by triphenylene derivatives 12 that were reported by Laschat 
and co-workers.36 The spacer chain for the single guanidinium ionic group was kept 
constant with 4 methylene groups while the length of the remaining five alkoxy side-
chains was varied. Crystallization temperatures are surprisingly little affected by the 
varying length of the side-chains and no obvious odd-even effect is observed, except for 
the fact that only derivatives with odd-numbered side-chains show crystalline 
polymorphism. Clearing temperatures are also little affected by changes of the side-
chain length and, consequently, the temperature ranges of the mesophases only vary 
between 40 °C and 66 °C. We note here that the mesophases of compounds 12b-f have 
wider temperature ranges and higher clearing temperatures than the Colh phases of their 
analogous hexaalkoxy triphenylenes. Compound 12a with the shortest side-chains is not 
mesomorphic and suggests that the side-chains must be as long as or longer than the 
length of the ionic side-chain to introduce columnar mesomorphism. 
Only two iDLCs with ionic side-chains based on core structures other than triphenylene 
have been reported, to the best of our knowledge, and are depicted in Scheme 4:3. 
Compound 13 was studied by Faul and co-workers37 and generated by ionic self-
assembly between the di-cationic perylene core and two anionic diethylhexyl-2-
sulfosuccinate groups. Due to its sufficiently high solubility in DMSO compound 13 
displays not only thermotropic but also lyotropic columnar mesomorphism. The 
thermotropic mesophase is of oblique columnar structure and stable from -50 °C to its 
decomposition temperature of 275 °C, whereas the lyotropic mesophase in DMSO is of 
hexagonal columnar structure. 
94 
 
Scheme 4:3 Perylene and hexabenzocoronene with ionic side-chains. 
 
Finally, Müllen and co-workers38 reported the hexabenzocoronene derivatives 14 that 
contain two neighboring imidazolium groups and form thermotropic and lyotropic 
columnar mesophases over wide temperature ranges. Structures and temperature 
ranges of the mesophases are quasi indifferent to the exchange of the counter ions, 
which may be expected because the two ionic groups are detached from the stacking 
core by C11-spacer chains. Compound 14a arranges into a 2D rectangular lattice while 
compounds 14b-c arrange into orthorhombic lattices that are virtually identical with the 
rectangular lattice of 14a. The absence of hexagonal columnar lattices that are typically 
formed by hexabenzocoronene derivatives is explained with a layered structure dictated 
by ionic interactions between imidazolium units and the relatively low C2v symmetry of 
the molecules. 
In conclusion, the most important structural parameter for the control of mesomorphism 
in iDLCs with charged groups attached via side-chains appears to be the length of the 
spacer chain between discotic core and ionic group.  Variation of the counter ions and 
types of charged groups, on the other hand, alters the mesomorphism of these iDLCs 
relatively little.   
4.4. Monomeric iDLCs with Charged Aromatic Cores or Charged 
Groups Directly Attached to the Core 
This chapter contains the largest number of compounds and is subdivided into three 
parts: compounds that have ionic groups attached to the aromatic core and includes 
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some board-shaped columnar liquid crystals; compounds that have a charged aromatic 
core; and compounds that contain charged metal groups in their core structures. 
iDLCs that have ionic groups attached to their aromatic cores are shown in Scheme 
4:4. Most aromatic compounds that contain charged groups directly attached to the core 
are not thermotropic liquid crystals but chromonic (lyotropic) liquid crystals, if they are 
sufficiently soluble, and have been reviewed elsewhere.7-9 Thermotropic mesomorphism 
may be induced by the attachment of “soft” counter ions such as cations X1-3 in Scheme 
4:4. In fact, the mesogenic units in compounds 15-20 are the cations rather than the 
discotic cores, because all three types of cations have been shown to self-organize into 
lamellar and columnar liquid crystal phases when combined with small anions.   
Scheme 4:4 iDLCs that have ionic groups attached to their aromatic cores (Lam = lamellar liquid crystal 
phase). 
 
Tetrakis(4-sulfonatophenyl)prophyrins 15, investigated by Camerel et al.,39 exhibit 
hexagonal columnar mesophases up to their onset of degradation at 170 °C when 
combined with the mesogenic cation X1. It is assumed that H-bonding between amide 
groups of stacking molecules supports the formation of columnar mesophases. In 
contrast, disc-shaped tricycloquinazoline derivatives 16 reported by Scherf and co-
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workers40 do not arrange into columnar stacks when combined with ammonium cations 
X2. Instead, a lamellar liquid crystal phase is formed by 16-12 while the derivatives with 
longer chains are crystalline up to their decomposition at temperatures above 150 °C. 
The lamellar phase likely consists of highly interdigitated side-chains that are oriented 
orthogonal to the planes of the tricycloquinazoline cores and the dense interdigitated 
packing of the aliphatic chains is probably the driving force for the formation of a lamellar 
rather than a columnar mesophase. However, the formation of columnar phases may be 
expected if cations X2 are substituted by, for example, cations X1 or X3 that are much 
less likely to support lamellar packing because of their wedge-shape and aromatic parts. 
Neutral, alkoxy substituted tricycloquinazoline derivatives have been shown to self-
organize into hexagonal columnar mesophases over wide temperature ranges.41 
Of the complexes 17 to 20 based on anthracene and bodipy cores only compounds 19 
and 20 display hexagonal columnar mesophases according to the reports by Camerel 
and co-workers.42,43 These compounds are rod-shaped and not disc-shaped but the 
hexacatenar motif is known to induce columnar rather than lamellar mesomorphism 
because of a larger packing volume of the aliphatic chains in comparison to the cores. 
Each “discotic unit”, however, consists of more than one molecule in these columnar 
stacks. The authors propose, based on diffraction data, molecular dimensions, and 
packing considerations, those 2 molecules of 19 and 4 molecules of 20 generate a single 
discotic unit of the columnar stack. A comparison between the crystalline anthracene 
derivatives 17 and 18 and the liquid crystalline derivatives 19 clearly demonstrates that 
imidazolium salts are much better suited for the formation of thermotropic iDLCs than 
ammonium salts because imidazolium salts lower melting temperatures and increase 
thermal stability. 
Instead of the attachment of charged groups to the aromatic core, the aromatic core 
itself may carry the charge, as is the case for the iDLCs summarized in Scheme 4:5. 
This is a distinct class of iDLC because the charge may be partially delocalized over the 
conjugated system and, because of that, the position of the counter ion in condensed 
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phases may be more variable. Compounds 21 reported by Kraft and co-workers44 are 
elegantly assembled via non-covalent H-bonding between three carboxylic acid 
derivatives and one a trisimidazole core structure. Three side-chains are insufficient for 
the formation of mesophases but compounds with six (21b,c) and nine (21a) side-chains 
display Colh mesophases over wide temperature ranges. Astonishing is the high 
temperature stability of these H-bonded assemblies, although the authors stated that 
decomposition occurs within hours when the samples are heated to 170 °C, and within 
minutes at 200 °C. 
9-Phenylbenzo-[1,2]quinolizino[3,4,5,6-fed]phenanthridinylium derivatives 22 were 
studied by Müllen and co-workers.45 All of these compounds self-organize in solution but 
only compounds 22d-e that contains sufficiently soft organic anions form columnar 
mesophases. The 2D lattices of these columnar mesophases could not be 
unambiguously deduced from 2D XRD patterns but are either rectangular or hexagonal. 
Interestingly, compounds 22b-c display rare hexagonal columnar crystalline phases. 
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Scheme 4:5 iDLCs with charged aromatic cores. 
 
Kato and co-workers46,47 reported sets of tripodal iDLCs based on pyridinium 23, 
pyrimidinium 24, and quinolinium 25 salts. All compounds display columnar mesophases 
of either hexagonal or rectangular symmetry. Additional cubic mesophases were 
observed for compounds 23a and 23e as high temperature phases. A comparison of 
compounds 23a-c demonstrates how a simple change of anions from Br- to BF4- and 
PF6- can change the generated mesophases from Colh and Cub to Colh to Colr, 
respectively. All compounds 23-25 are designed for intramolecular charge transfer 
between the electron rich alkoxy- or dialkylamino-benzene units and the electron 
deficient pyridinium, pyrimidinium, or quinolinium units, and show photoluminescence 
between 500 nm and 650 nm, although their quantum efficiencies in the condensed films 
is low with 0.1 and less. Crystalline phases show higher quantum efficiencies than the 
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columnar mesophases, which suggests that the intermolecular π-π interactions between 
chromophores are stronger in the columnar mesophases than in the crystalline phases. 
Unfortunately, no data were provided for the cubic mesophases since their quantum 
efficiency may be expected to be higher. 
Laursen and co-workers48 reported the N,N’,N’’-trialkyltriazatriangulenium derivatives 
26, that display soft crystal but not liquid crystal phases. The absence of liquid crystal 
phases may be expected for a relatively large ionic aromatic core that is decorated with 
only three relatively short side-chains. However, the compounds are included here 
because of the unusual hexagonally ordered bilayer structures of their soft crystal 
phases. Dimers of the rigid cationic discotic cores and their anions arrange co-planarly in 
sheets that are separated by interdigitated perpendicularly oriented alkyl chains, 
somewhat similar to the packing of compound 16-12. 
Compound 27 reported by Barbera, Torres and co-workers49 is also not liquid 
crystalline and is included to illustrate how the introduction of charge can suppress liquid 
crystallinity. All neutral hexaalkoxy-substituted triazolephthalocyanines exhibited 
hexagonal columnar mesophases from room temperature up to their decomposition 
temperatures of above 350 °C. Alkylation of the triazole N-atom in 27 introduces a 
charge and an additional side-chain that should support the formation of columnar liquid 
crystal phases. However, 27 remains a rather disordered solid up to 350 °C and is 
probably best described as a partially crystalline soft solid of unknown structure. Clearly, 
the additional ionic and probably dipolar interactions between the molecules cannot be 
overcome within the available temperature range. It is likely that this compound displays 
lyotropic mesomorphism and can be processed into more ordered solid phases via its 
lyotropic mesophases, but no such attempts were reported. 
An ionic charge of the core has also been introduced by metal cations to generate 
liquid crystalline metal complexes that are often classified as metallomesogens.50-52 
Representatives with a linear or more planar (including crown ethers) coordination of the 
metal cation are given in Scheme 4:6. Examples of compounds with non-planar 
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coordinations of the metal cation that nevertheless arrange into columnar structures are 
presented in Scheme 4:7 for comparison. 
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28-5: R = C5H11, X = I; Cr (59 °C) Colh (165 °C) I
28-6: R = C6H13, X = I; Cr (53 °C) Colh (160 °C) I
28-7: R = C7H15, X = I; Cr (56 °C) Colh (156 °C) I
28-8: R = C8H17, X = I; Cr (67 °C) Colh (157 °C) I
28-9: R = C9H19, X = I; Cr (66 °C) Colh (141 °C) I
28-10: R = C10H21, X = I; Cr (58 °C) Colh (150 °C) I
also investigated X = F, Cl, Br, SCN, BF4, PF6
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29-11a: R = C11H23, uncomplexed; Cr4 (125 °C) Colr (129 °C) I
29-11b: R = C11H23, M = K, X = F; Cr4 (125 °C) Colr (128 °C) I
29-11c: R = C11H23, M = K, X = Cl; Cr4 (126 °C) Colr (128 °C) I
29-11d: R = C11H23, M = K, X = Br; Cr (121 °C) I
29-11e: R = C11H23, M = K, X = I; Cr (124 °C) Colr (218 °C) I
29-11f: R = C11H23, M = K, X = SCN; Cr (107 °C) Colr (239 °C) I
29-11g: R = C11H23, M = K, X = BF4; Cr4 (126 °C) Colr (168 °C) I
29-11h: R = C11H23, M = K, X = PF6; Cr (242 °C) dec
29-11i: R = C11H23, M = NH4, X = PF6; Cr (226 °C) dec
also investigated R = CnH2n+1, n = 7, 8, 9, 10, 12 for M = K
X
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31-La: R = C10H21, R' = H, Y = CH2, M = La; Cr (58 °C) Colh (205 °C) I/dec
31-Nd: R = C10H21, R' = H, Y = CH2, M = Nd; Cr (85 °C) Colh (200 °C) dec
31-Eu: R = C10H21, R' = H, Y = CH2, M = Eu; Cr (86 °C) Colh (200 °C) I/dec
31-Tb: R = C10H21, R' = H, Y = CH2, M = Tb; Cr (81 °C) Colh (195 °C) I/dec
32-La: R = C16H33, R' = H, Y = CH2, M = La; Cr (71 °C) Colh (199 °C) I/dec
32-Nd: R = C16H33, R' = H, Y = CH2, M = Nd; Cr (88 °C) Colh (200 °C) dec
32-Eu: R = C16H33, R' = H, Y = CH2, M = Eu; Cr (84 °C) Colh (200 °C) dec
33-Eu: R = C12H25, R' = H, Y = C=O, M = Eu; Cr (145 °C) M (163 °C) I
34-Eu: R = C10H21, R' = OC10H21, Y = CH2, M = Eu; Cr (110 °C) M (135 °C) I
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X = dodecylsulfate (DOS)
or OTf 30a: R2 = OC12H25, R3 = H, X = DOS; Cr (68 °C) Colh (183 °C) I
30b: R2 = OC12H25, R3 = H, X = OTf; Cr (83 °C) Colh (239 °C) I
30c: R2 = H, R3 = OC12H25, X = DOS, Cr (48 °C) Colh (123 °C) I
30d: R2 = H, R3 = OC12H25, X = OTf; Cr (55 °C) Colh (159 °C) I
30e: R2 = R3 = OC12H25, X = DOS; Cr (60 °C) Colr (131 °C) I
30f: R2 = R3 = OC12H25, X = OTf; Cr (47 °C) Colr (113 °C) Colh (185 °C) I
N N
ROOC COOR
NN
COORROOC
Ag X
R =
38a: X = BF4; oil at 20 °C
38b: X = PF6; Cr (61 °C) I
38c: X = OTf; Colh (91 °C) I
38d: X = DOS; Colh (57 °C) I
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35-10: M = Cu, n = 10; Colh (196 °C) I
35-12: M = Cu, n = 12; Colh (193 °C) I
35-14: M = Cu, n = 14; Cr (26 °C) Colh (190 °C) I
35-16: M = Cu, n = 16; Cr (58 °C) Colh (195 °C) I
35-18: M = Cu, n = 18; Cr (66 °C) Colh (183 °C) I
36-10: M = Ni, n = 10; Colh (290 °C) I
36-12: M = Ni, n = 12; Colh (270 °C) I
36-14: M = Ni, n = 14; Cr (28 °C) Colh (265 °C) I
36-16: M = Ni, n = 16; Cr (59 °C) Colh (238 °C) I
36-18: M = Ni, n = 18; Cr (51 °C) Colh (234 °C) I
37-10: M = Pd, n = 10; Colh (261 °C) I
37-12: M = Pd, n = 12; Colh (250 °C) I
37-14: M = Pd, n = 14; Colh (238 °C) I
37-16: M = Pd, n = 16; Cr (42 °C) Colh (224 °C) I
37-18: M = Pd, n = 18; Cr (49 °C) Colh (201 °C) I
R = C12H25
R'
2 BF42+
R = CnH2n+1
 
Scheme 4:6 iDLCs based on linear or more planar (including crown ethers) coordination of central metal 
cations. 
 
A large and systematic body of work has been presented by Laschat and co-workers53-
55 on the mesomorphism of terphenyl- and triphenylene-substituted [18]crown-6 ethers 
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28 and 29 and only two representative sets of compounds are shown in Scheme 4:6. 
Many of the metal-free crown ethers already form columnar mesophases but their 
clearing temperatures are close to their melting temperatures and it is the clearing 
temperatures that are largely increased by the complexation with potassium ions. A 
comparison of terphenyl compound 28-10 with the more planar triphenylene 29-11e 
demonstrates that both melting and clearing temperatures increase for the planar 
compound and, accordingly, the temperature ranges of the columnar mesophases 
remain similar. The change from terphenyl to triphenylene also changes the types of 
mesophases displayed by 28 and 29 from Colh to Colr, which is consistent with expected 
stronger stacking interactions between triphenylene derivatives. Melting and clearing 
temperatures of compounds 28 and 29 are surprisingly little affected by changes to the 
lengths of the aliphatic side-chains whereas a change of the counter ion results in major 
changes. 
In general, the less polarizable and smaller F-, Cl-, and Br- ions reduce the stability of 
the columnar mesophase and mesomorphism is even lost in several cases (e.g. 29-11d). 
Columnar mesophases are stabilized by anions I-, SCN-, and BF4- but, unexpectedly, 
fully suppressed by PF6-. PF6- apparently stabilizes the crystal phase well beyond the 
clearing point of a possible mesophase. Exchange of K+ by NH4+ in 29-11i lowers the 
melting point by only 16 °C, which is not sufficient for the introduction of mesomorphism.  
Pyridinium silver complexes 30 were studied by Bruce and co-workers.16 They 
compared the mesomorphism of ortho and meta alkoxy-substituted tetracatenars with 
hexacatenars for two different anions, triflate and dodecylsulfate. The melting transitions 
between 47 °C and 83 °C were small and, more importantly, not systematically affected 
by the structural changes. In contrast, clearing temperatures were 60-80 °C higher for 
the ortho-substituted tetracatenars 30a,b than for the meta-substituted tetracatenars 
30c,d and the triflate salts have 35-56 °C higher clearing temperatures than their 
analogous dodecylsulfonate salts. Hexacatenars 30e,f have clearing temperatures in 
between the two sets of tetracatenars but closer to the meta-substituted tetracatenars. 
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The hexacatenar motive promotes Colr mesophases while all tetracatenars exclusively 
display Colh mesophases. 
Also based on tetra- and hexa-catenar designs are the mesomorphic and 
photoluminescent crown ethers 31-34 reported by Bünzli and co-workers.56,57 
Tetracatenars 31 and 32 form hexagonal columnar mesophases that decompose at or 
below their clearing temperatures at about 200 °C. Their mesomorphism is largely 
independent of the length of the attached side-chains and the type of complexed 
lanthanide ion, but a change of the anions was not systematically investigated. The 
chloride salt of 31-Eu was reported as the only salt with anions different from nitrates 
and shows almost identical mesomorphism to the nitrate salt. Decreased clearing and 
increased melting temperatures were observed for 33-Eu, with a carbonyl instead of 
methylene linker and for the hexacatenar 34-Eu. Their mesophases are likely columnar 
but were not studied by XRD. We note that most of the metal-free crown ethers are not 
liquid crystalline and that all crown ethers contain solvent molecules that, according to 
the authors, are removed in the first heating run. All reported transition temperatures are 
obtained from the second and subsequent heating runs and represent the transitions of 
the solvent free compounds. 
Hexagonal columnar phases over wide temperature ranges are obtained for the metal 
complexes 35 to 37 of tetrabenzo-[b,f,j,n][1,5,9,13]tetraazacyclohexadecine derivatives 
investigated by Lai and co-workers.58 The considerable decrease in clearing 
temperatures from Ni(II) to Pd(II) to Cu(II) salts is reasoned with the different sizes of the 
metal cations, but this cannot be the main cause because the sizes of the cations 
increase from Ni(II) to Cu(II) to Pd(II). The other provided hypothesis based on 
differences in axial intermolecular interactions is more convincing as Cu(II) is the most 
likely cation of the three to expand to a octahedral coordination sphere. When compared 
with the previously reported Colh mesophases of metal-free derivatives, complexation 
with Cu(II) lowers clearing temperatures by 55-67 °C, complexation with Ni(II) increases 
clearing temperatures by 21-27 °C, and complexation with Pd(II) does not considerably 
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change the clearing temperatures. Oddly enough, the melting points of the compounds 
do not vary much between complexes with different metal ions, although differences in 
axial interactions should be more pronounced in their crystal phases. Both clearing and 
melting temperatures are affected by the length of the aliphatic side-chains and the 
shortest tested decyl side-chain generates the most stable mesophase with the widest 
temperature range. Melting temperatures increase and clearing temperatures decrease 
with increasing chain length. 
Pucci et al. reported silver complexes of 2,2’-bipyridine derivatives 38 that again 
illustrate the importance of the counter ions in these mesogens.59 Anions BF4-, TfO-, and 
DOS- suppress crystallization but only the anions TfO- and DOS- induce columnar 
mesomorphism. It is again the PF6- salt that supports crystal formation and the relatively 
high melting point of 38b masks any potential mesophases, similar to what was 
observed for PF6- salts 29-11h and 29-11i. Compounds 38c and 38d both exhibit 
hexagonal columnar mesophases that show blue luminescence. The existing 
intermolecular interactions in the columnar mesophases do not seem to effectively 
quench the excited states as it is the case in most columnar mesophases of discotic 
compounds.60 
Faul and co-workers61 studied a set of non-planar copper complexes of 
phenanthrolinedisulfonate alkylammonium salts of which only the two derivatives 39a 
and 39b that display columnar mesomorphism are covered here (Scheme 4:7). Although 
both ligands were reacted with Cu(II)Cl2 a tetrahedral Cu(I) complex is obtained for 39b 
after the addition of the ammonium ligands. The Cu(II) complex 39a has trigonal-
bipyramidal symmetry at the metal centre. Both complexes display polymesomorphism 
and the exact structure of the Colo,2 phase of 39a remains uncertain and may have a 
partially lamellar character. Ionic interactions and microphase segregation between the 
cores are the main driving forces for the formation of the mesophases, while interactions 
between the π-systems of the aromatic ligands are of minor importance in compounds 
39. The projection of the molecules is rectangular and could promote both columnar and 
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lamellar mesophases but the Cu(II) complex 39a apparently packs better in columnar 
stacks than in smectic-type layers while the tetrahedral Cu(I) complex 39b is clearly on 
the edge and displays both types of structures. 
However, the absence of π-π stacking interactions and differences in shape 　
anisotropy may disqualify the columnar mesophases of 39 as discotic-type columnar 
mesopashes. This is certainly true for complex 40 and similar structures reported by 
Ziessel and co-workers that form columnar mesophases62 or lamellar structures that 
contain columnar stacks of the molecules within the smectic layers.63 However, no π-π 
stacking interactions exist in the columnar-lamellar mesophase of 40, because the 
molecules stack along their long axis and the aromatic parts are apparently not oriented 
perpendicular to the long axis. In contrast, columnar stacks of DNA double helices show 
π-π stacking within the double helix and likely between stacked double helices, because 
the aromatic nucleic acid units are oriented orthogonal to the long axis of the helix.64-68 
 
Scheme 4:7 Examples of non-planar ionic aromatic metal complexes that form columnar mesophases. 
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Piguet and co-workers57,69,70 systematically studied the mesomorphism of 2,6-di(1H-
benzo[d]imidazol-2-yl)pyridine derivatives and their metal complexes, of which only the 
lanthanide tri-nitrate complexes 41 to 43 are mentioned here because they display 
columnar mesomorphism despite their bulky nature. The sizes of the lanthanide ions and 
their tendency to form dimeric complexes strongly affect the stability of columnar packing. 
Larger lanthanide ions Pr to Ho generate exclusively cubic mesophases when 
monomeric and dimeric complexes of the Pr and Nd salts also form lamello-columnar 
structures. However, complexes with smaller lanthanide ions Er to Lu predominantly 
display hexagonal columnar mesophases that are supported by intracolumnar π-stacking 
interactions between pyridine units. 
Inversion of the ester linkages in compounds 42 completely suppresses the formation 
of liquid crystal phases by lowering the glass to isotropic transition temperatures to 120-
130 °C. This effect is reasoned with less pronounced differences in the electrostatic 
potential between the core and the trialkoxybenzene units, which lowers the attractive π-
stacking interactions, and could be circumvented in the extended tetraester 43. It is 
worth mentioning that all free ligands display columnar mesophases but of the 
hexacatenar type (3 molecules per discotic unit) while the metal complexes contain only 
one molecule per discotic unit. 
A change from the more bent-shaped ligand in complexes 42 to the more linear ligand 
in complexes 41 does destabilize the columnar packing but to a much lesser degree than 
could be expected. This may be explained with the conformational freedom of the ester 
group that allows for an overall more bent-shaped structure even in 41. 
In conclusion, iDLCs that have charged groups directly attached to the aromatic core 
show liquid crystal phases when large and mesogenic counter ions are used. 
Mesomorphism of iDLCs that consist of charged aromatic cores or are generated by the 
coordination of mesogenic ligands to central metal ions critically depends on the types of 
anions and much less so on number, type, and position of attached aliphatic side-chains. 
The type of central metal is also an important design criterion for the latter group of 
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iDLCs. We also point out that the first group of iDLCs reported in this part contains 
exclusively anionic core structures whereas the core structures of iDLCs with charged 
aromatic cores and metal complexes are all cationic. 
4.5. Oligomeric and Polymeric iDLCs 
Only a few reports have been concerned with oligomeric and polymeric iDLCs, 
probably because their synthesis, purification, and mesomorphism are expected to be 
complex. However, polymeric iDLCs are not only valuable for fundamental studies on 
self-organization but are also expected to have unique mechanical and electronic 
properties as well as high biocompatibility. They are also amenable to specific 
processing techniques such as electrostatic layer-by-layer deposition, which would 
generate unique anisotropic polymer films. 
Dimeric iDLCs 44 and 45 have been reported by Kumar and co-workers71,72 and 
required microwave assisted N-alkylation of the imidazole as the final step (Scheme 4:8). 
Dimer 44 exhibits a rectangular columnar mesophase over a much shorter temperature 
range than similar dimers with simple but overall shorter alkyl spacers.73,74 Unfortunately, 
the influence of the spacer length was not studied for dimer 44. Nevertheless, the 
imidazolium unit in the centre of the linking chain appears to disrupt rather than support 
the formation of columnar mesophases. The authors also investigated smectic dimers 
with cyanobiphenyl end groups and one mixed dimer with one triphenylene and one 
cyanobiphenyl end group but the latter was not mesomorph. 
107 
 
Scheme 4:8 Dimeric iDLCs.  
 
Symmetric gemini ionic discotic dimers 45 can be seen as linked dimers of iDLCs 8 
given in Scheme 4:1. Compounds 45a and 45b, with short spacers between the 
imidazolium units, exhibit hexagonal columnar mesophases over a wide range of 
temperatures and clearly stabilize the mesophase in comparison to the monomeric 
imidazolium salts 8. However, only preliminary diffraction data were provided and a 
detailed analysis of the mesophase structure(s) is still pending. 
All polymeric examples of iDLCs that have been reported are side-chain polymers and 
the charges are associated with the polymer backbone rather than the discotic units 
(Scheme 4:9). Kumar and co-workers75 photopolymerized vinyl derivative 46 of their 
imidazolium hexaalkoxy triphenylenes 8 in the presence of 5 wt % of photoinitiator 2,2-
dimethoxy-2-phenylacetophenone. The resulting polymer 47 is actually better described 
as a mixture of soluble oligomers with a high polydispersity of 4 and an average degree 
of polymerization of about 6-7 based on GPC analysis. Nevertheless, the oligomer 
mixture is liquid crystalline above its glass transition of about 224 °C and does form an 
isotropic liquid phase above 244 °C. Polymers of higher molecular weights and lower 
polydispersity may be expected for a photopolymerization in solution rather than in the 
columnar liquid crystal phase at room temperature, but have apparently not been 
investigated. 
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Scheme 4:9 Side-chain oligomers and polymers of iDLCs. 
 
Thünemann and co-workers76,77 chose a different approach to polymeric iDLCs by 
applying ionic self-assembly. Polymer complexes 48 and 49 in Scheme 4:9 were 
obtained by mixing a discotic mono-carboxylic acid of a hexabenzocoronene derivative 
with a polyamine to generate a complex of the cationic polyammonium salt and discotic 
carboxylate via electrostatic interactions.  The phase behaviour of the discotic mono-
carboxylic acid itself was given as rectangular columnar mesophase at room 
temperature and a hexagonal columnar mesophase above 93 °C. In a later publication 
the transition moved to 108 °C and was assigned as a crystal to the hexagonal columnar 
mesophase transition, which is more consistent with the reported DSC data.78 
Attachment of the hexabenzocoronene derivative to modified polyethyleneimine in a 
1:1 ratio of amine and carboxylic acid groups (polymer 48) affects the mesomorphism of 
the hexabenzocoronene derivative surprisingly little. The ionically assembled polymer 
exhibits the same two mesophases as the uncomplexed carboxylic acid but the 
temperature for the transition between the rectangular and the hexagonal columnar 
mesophases is lowered to 70 °C. Complexation increased the intracolumnar stacking 
order and elasticity of the material but expectedly decreased the intercolumnar stacking 
order in comparison to the uncomplexed hexabenzocoronene derivative because the 
polymer backbone has to pack in-between the columnar stacks. The relatively small 
effect of ionic self-assembly on the mesomorphism of the hexabenzocoronene derivative 
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can be reasoned with the long spacer chain that decouples the discotic core from the 
polyelectrolyte backbone.  
The phase behaviour of polymer 49, a complex of the hexabenzocoronene derivative 
with an amino functionalized polysiloxane, is similar to polymer 48 and the uncomplexed 
carboxylic acid derivative but, unexpectedly, the intercolumnar stacking order 
significantly increases in polymer 49. In fact, it is the high temperature columnar 
mesophase that shows significantly higher inter- and intracolumnar order than the low 
temperature mesophase, which is explained with enhanced stacking interactions 
between orthogonal discotic units in the high temperature columnar mesophase. 
However, the existence of a higher ordered high temperature mesophase is unusual, but 
an increase in packing order at higher temperatures is often observed in kinetically 
trapped viscous mesophases. Unfortunately, the authors do not specifically state that the 
less ordered phase is obtained on cooling from the higher ordered columnar mesophase, 
which would exclude kinetic effects and the presence of non-equilibrium phases. 
In conclusion, two general approaches to side-chain polymers of iDLCs have been 
reported and demonstrate the feasibility of this concept, but many other possible 
synthetic approaches remain unexplored. Similarly unexplored are the properties and the 
processing of these new materials. 
4.6. Summary and Outlook 
How much specific structural changes affect the mesomorphism of iDLCs critically 
depends on the type of iDLC. Variations to side-chains and spacer lengths dominate 
changes to the mesomorphism of iDLCs generated by the attachment of charged groups 
via flexible spacer chains. In contrast, the type of counter ion appears to be most 
important for defining the mesomorphism of iDLCs that consist of charged aromatic 
cores. The mesomorphism of iDLCs based on metal complexes is governed by both the 
types of metal cation and anion and much less so by the length of attached side-chains. 
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Similar dependencies may apply to oligomeric and polymeric iDLCs but general 
conclusions cannot be drawn based on the few systems that have yet been studied. 
The few reports on materials properties of iDLCs are just sufficient for highlighting the 
feasibility of these studies. Most noteworthy are the reports on electronic and ionic 
conduction of iDLCs. Alternative processing methods, such as the layer-by-layer 
deposition of iDLCs, have been demonstrated for related ionic perylene derivatives79 but 
not for iDLCs. Clearly, very little is yet known about the materials properties and the 
processing of iDLCs, a vast area of opportunities for those who defy the complexity of 
these materials. 
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Chapter 5. Triphenylene-Imidazolium Ionic Discotic 
Liquid Crystals (iDLCs) 
5.1. Introduction 
Self-organization of molecules can be controlled by different intermolecular interactions, 
such as ionic interactions,1 hydrogen bonding,2 charge transfer interactions,3 π-π 
interactions,4 and van der Waals interactions,5 and generates new functional materials 
such as ion/electron conductors,6-9 sensors, separation membranes,10 special 
electrolytes,11 light-emitters,12 and organic semiconductors.13 Molecules that are ionic 
and self-organize potentially combine the properties of mesophases with those of ionic 
liquids and are the subject of interest here. 
Ionic liquids (ILs) are a broad class of semi-organic salts or salt mixtures that exhibit 
low melting points (usually below 100 °C), high ionic conductivity, wide electrochemical 
windows, high thermal and chemical stability, non-flammability, and non-volatility.14-16 
They have become popular as “green” solvents in organic synthesis that often enhance 
reaction yields.17 Their properties (viscosity, melting point, polarity, 
hydrophilicity/hydrophobicity, etc.) can be controlled by changing the structure of the 
cation, anion, or both. More recently, ILs have been applied in many other areas 
because of their versatile and adjustable properties (e.g. electrodeposition, 
electropolymerization, capacitors, ion batteries, fuel cells, and solar cells).14-20 
Ionic liquid crystals (iLCs) are ILs that self-organize into mesophases of mainly smectic, 
columnar, and cubic structures.  They may display lyotropic mesomorphism21-23 and/or 
thermotropic mesomorphism,24,25 like conventional LCs, but differ from conventionally 
LCs in many other properties such as anisotropic ionic conductivity. Chromonic LCs are 
a special class of lyotropic iLCs that consist of a plank-shaped aromatic core surrounded 
by ionic or hydrophilic groups.23 They do not form micellar, lamellar, cubic, or cylindrical 
structures typically found in typical lyotropic liquid crystals (e.g. many surfactant solutions) 
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depending on concentration and temperature.22,23,26 Instead, chromonics self-assemble 
into columnar stacks and the lengths of these stacks increases continuously with 
increasing concentration. These stacks generate a nematic lyotropic phase (N-phase) 
with only orientational order at lower concentrations and a hexagonal columnar phase 
(M-phase) at higher concentrations (Figure 5:1). Chromonics have been successfully 
tested in various biosensors, optical compensators, micro patterned polarizing elements, 
and photoinduced liquid crystalline gratings but no commercial applications yet exist 
except for their applications as pharmaceuticals.22,26 
 
Figure 5:1 N and M phases of chromonics.21 
 
Thermotropic ionic liquid crystals are molecules with rod- or disc-shaped cores, which 
form mesophases upon heating of the pure solid. Interestingly, some thermotropic 
mesogens can also form lyotropic liquid crystalline phases (i.e. so-called amphitropics or 
amphotropics) in organic solvents.27 In contrast to rod-like (calamitic) amphitropics that 
form smectic or nematic phases, discotic amphiphiles form thermotropic columnar 
phases (mostly hexagonal columnar phases (Colh)), nematic columnar phases (Nc, only 
a few examples), rectangular columnar phases (Colr, rare), and the oblique columnar 
phase (Colo, rare).28,29 In order to control what mesophases are formed one can change 
the type of core structure, the type, number, and length of attached side- and spacer-
chains, the types of ionic groups, and the types of counter ions. To date, only a few of 
the many synthetic options have yet been explored. In fact, most thermotropic iLCs that 
display columnar mesophases contain ionic groups at the termini of aliphatic spacers 
attached to the central aromatic core as depicted for ionic triphenylene derivatives in 
Figure 5:2. Other typical examples are ammonium salts,30 imidazolium salts,11,31,32 
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pyridinium salts,33 alkali metal-crown ethers complexes,34 and 2,4,6-triarylpyrylium 
salts.35  
 
Figure 5:2 Examples of ionic liquid crystals: imidazolium salts.11,31,32,36 
 
Of all tested ionic cores the imidazolium unit is the most popular and suitable for the 
generation of ILs and iLCs. Their properties can be easily modified by changing the 
anion. The majority of imidazolium-based ionic liquid crystals is calamitic and displays 
lamellar mesophases.37-39 Many of them are equally suitable for the formation of lyotropic 
and thermotropic mesophases.40,41 Some non-discotic iLCs still form columnar 
mesophases,32,33 such as the wedge-shaped trialkoxybenzene-substituted imidazolium 
salt 1 (Figure 5:2) that generates one-dimensional ion transport channels.42 
Very few studies have been done on iLCs based on discotic cores. The first 
triphenylene based discotic iLC was reported by Ringsdorf and contained six pyridinium 
groups to form lyotropic mesophases in water.42 Thermotropic columnar mesomorphism 
is shown by the few known triphenylene compounds that contain imidazolium units. 
Motoyanagi et al.32 generated symmetric (hexa-substituded) triphenylene-imidazolium 
salts 2, and proved that these salts exhibited a hexagonal columnar phase over a wide 
temperature range (4-117 °C). Recently, Cui et al.36 designed novel discotic 
triphenylene-imidazolium salts 3. They demonstrated that the ionic interactions among 
asymmetric imidazolium salts induced novel highly ordered oblique columnar 
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mesophases with a lamellar segregation for n = 7 and a rectangular columnar 
mesophase for n = 10. It was proposed that these compounds may serve as promising 
ionic materials in LC devices and ion transport membranes. Kumar43 also reported novel 
liquid crystalline triphenylene-imidazolium salts 4 bearing only one imidazolium unit and 
an imidazolium-linked discotic–discotic dimer 5 that exhibits a rectangular columnar 
mesophase.25 
All aforementioned examples of imidazolium containing triphenylenes have in common 
that their imidazolium cations are attached to the triphenylene core via aliphatic spacer 
chains. In this chapter, the first examples of liquid crystalline triphenylenes with 
imidazolium cations annulated to the triphenylene core are presented (Figure 5:3). The 
donor-acceptor structure should generate a strong chromophore and interesting 
electronic properties. Also of interest was the effect of the charge and counter ion on the 
mesomorphism. 
 
Figure 5:3 Neutral imidazole (8-6 and 8-12) and imidazolium salts (9-6, 9-12, 10-12, 11-12 and 12-6). 
 
Presented here are the first examples of triphenylene based imidazole analogues (8-6 
and 8-12) and their corresponding imidazolium salts with annulated imidazolium 
functionality (9-6, 9-12, 10-12, 11-12 and 12-6). Two different aliphatic side-chains (R1= 
C12 and C6) and four different anions Br-, I-, BF4- and TfO- were investigated to probe the 
mesomorphism of these compounds. An aliphatic alkyl chain (R3= C6H13) in the 2-
position of the imidazolium ring is expected to increase the melting point,40 while the 
aliphatic alkyl chains (R1= C12 or C6) in triphenylene structure is expected to lead to 
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segregation of the rigid triphenylene units.27 We expect both imidazole analogues and 
imidazolium salts to exhibit columnar mesophase but only the ionic compounds turned 
out be mesomorph.  
5.2. Results and Discussion 
The synthesis of precursor 1 was described in Chapter 2. Di- and mono-amides 2 and 
3 were synthesized via a direct amidation of 1 and heptanoic acid in yields of 81% and 
18%, respectively (Scheme 5:1). Both compounds 2 or 3 could be converting to 
imidazole 4 in yields of 60% to 70% when treated with p-toluenesulfonic acid or acetic 
acid. Imidazole derivative 5 was best generated via a microwave-assisted alkylation in 
86% yield. Compound 5 was converted to the terphenyl imidazole derivatives 7-6 and 7-
12 by Suzuki coupling reactions with the corresponding boronic acids. Two equivalents 
of FeCl3 were sufficient for the oxidative coupling to 8-6 and 8-12, which suggested that 
the products were not oxidized under the given conditions. 8-6 reacted with five 
equivalents of 1-bromobutane to the corresponding imidazolium salt 12-6 but with a low 
conversion of 40%. Surprisingly, the addition of more equivalents of 1-bromobutane did 
not result in a higher conversion. However, methylation of 8-6 and 8-12 with methyl 
iodide in refluxing MeCN generated the corresponding imidazolium salts 9-6 and 9-12 in 
quasi quantitative yields. Imidazolium salt 9-12 was converted to 10-12 and 11-12 by 
exchange of the counter ion with NaBF4 and AgOTf, respectively.  
119 
Br
Br
NH2
NH2
Br
Br
H
N
N
H
C
O
C6H13
C
O
C6H13
Br
Br
H
N
NH2
C
O
C6H13
81%
18%
60%
Br
Br N
H
N
C6H13
1
2
3
70%
Br
Br N
N
C6H13
C4H9
4 5
(HO)2B
OR
OR
(f) N
N
C6H13
C4H9
OR
RO
RO
OR
7-6, 82%
7-12, 86%
6-6, R= C6H13
6-12, R= C12H25 (g)
N
N
C6H13
C4H9
OR
RO
RO
OR
8-6, 90%
8-12, 90%
(h)
N
N
C6H13
C4H9
OR
RO
RO
OR
C4H9
Br
40%
N
N
C6H13
C4H9
OR
RO
RO
OR
I
90%
9-6
9-12
N
N
C4H9
OR
RO
RO
OR
BF4
C6H13
N
N
C4H9
OR
RO
RO
OR
C6H13
OTf
10-12
11-12
12-6, R = C6H13
(a)
(b)
(c)
(d) 51% or (e) 86%
(i) 90%
(j) 90%
(k)
 
Scheme 5:1 Reaction scheme of imidazolium salts. Reaction Conditions: (a) 2.4 eq. heptanoic acid, 1.2 eq. 
DCC, 2.4 eq. DIEA, DMF, r.t., 12 h; (b) 2.2 eq p-TsOH, Toluene, reflux, overnight, (c) neat AcOH, reflux, 5 h; 
(d) 1.1 eq NaH, DMF, r.t., 1 h.; 1.1 eq. BrC4H9, 100 °C, overnight; (e) 2 eq. KOH, 2 eq. K2CO3, 1.1 eq. 
BrC4H9, microwave condition: 150 °C, 10 min; (f) 2.2 eq. boronic acid, 2.2 eq. NaOH, 5 mol% Pd(PPh3)4, 1,4-
dioxane, 80 °C, overnight; (g) 3 eq. FeCl3, DCM/MeNO2 (1:1), r.t., 5 min; (h) 5 eq. MeI, MeCN, 60-70 °C, 10 
h; (i) ex. NaBF4, DCM/H2O/Acetone, r.t., overnight; (j) 2 eq. AgOTf, DCM/H2O/Acetone, r.t., overnght; (k) 10 
eq. C4H9Br, DMF, 100 °C, 10 h. 
 
Neutral imidazole derivatives (7-12, 8-6, and 8-12) and imidazolium derivatives (9-6, 9-
12, 10-12, 11-12 and 12-6) were studied by polarized optical microscopy (POM), 
differential scanning calorimetry (DSC), and thermogravimetric analysis (TGA). The 
liquid crystalline imidazolium materials were also studied by X-ray diffraction (XRD), to 
confirm the hexagonal structures of their columnar mesophases (Scheme 5:2). 
Based on 3% mass loss in thermal gravimetric analysis (TGA) under He, the neutral 
derivatives (7-12, 8-6, and 8-12) and the ionic compounds (9-6, 9-12, 10-12, 11-12 and 
12-6) were stable to temperatures of 215 °C, 170 °C, 205 °C, 201 °C, 227 °C, 250 °C, 
271 °C and 170 °C, respectively (Figure S5:17). The two compounds with hexyloxy side-
chains are surprisingly less stable than the compounds with dodecyloxy chains although 
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the low thermal stability of 12-6 may also be caused by the second attached butyl group 
that certainly affects the packing as discussed below. Exchange of the counter anions 
also has a profound effect on the thermal stability with an increasing stability in the order 
I- < BF4- < OTf-. The reason for this change in thermal stability is unclear but has nothing 
to do with their phase transition temperatures as they are rather similar and all three 
compounds are in their isotropic liquid phases when they start to decompose. 
 
Scheme 5:2 Phase transitions of neutral imidazole derivatives and corresponding imidazolium salts based 
on POM and onset temperatures of DSC; a Transition temperatures are observed in the 1st run of DSC; b 
Transition temperatures are observed in the 2nd run of DSC; c Transition temperatures are observed by 
POM; d Compounds crystallize slowly over many hours and could not be observed by DSC; e Transition 
temperatures are the peak temperatures because the transitions are very broad. 
 
Neutral imidazole derivatives (7-12, 8-6, and 8-12) display soft crystal phases when 
crystallized from solution while compound 7-6 is an isotropic liquid at room temperature 
based on POM (Scheme 5:2). A soft crystal phase is defined as a phase that shows 
partial crystallinity of the side-chains in the diffraction patterns and the crystallites deform 
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and flow under pressure when observed by POM. The former three compounds melt into 
isotropic liquids well below 100 °C without displaying mesophases but 8-6 is polymorph 
and displays three soft crystal phases on heating and two on cooling because of its large 
hysteresis of 32 °C. Compound 7-12 crystallized into a different, lower melting soft 
crystal phase from the melt than from solution, which makes the first melting transition 
unique. The enthalpies of 35-67 kJ mol-1 for transitions between soft crystal and isotropic 
liquid phases of compounds 7-12 and 8-12 are typical but the value for 8-6 is unusually 
low with only 6 kJ mol-1. Such a low enthalpy for a soft crystal to isotropic liquid transition 
is possible if a significant portion of the material actually forms an amorphous phase but 
this was not studied in more detail. 
All imidazolium derivatives (9-6, 9-12, 10-12, 11-12 and 12-6) form soft crystal phases 
and melt into liquid crystal phases except for 12-6 that melts straight into an isotropic 
liquid phase. Polymorphism is observed only for the two compounds with hexyloxy side-
chains 9-6 and 12-6 with three soft crystal phases for the latter. All imidazolium salts with 
dodecyloxy side-chains (9-12, 10-12, and 11-12) melted straight into a hexagonal 
columnar mesophase (Colh) at around 50 °C and clear into the isotropic liquid phase 
between 173-209 °C. Compound 9-6 forms a hexagonal columnar mesophase when its 
high temperature soft crystal phase melts 158 °C and clears into the isotropic liquid 
phases at 216 °C. Worth noting is that the transitions from Colh to sCr are so slow for 
compounds 9-6, 9-12, and 11-12 they could not be detected by DSC even at scan rates 
of 1 °C/min. The soft crystal phases are reformed after 24 hours at room temperature. 
Transition enthalpies for the clearing transition of the Colh phases of all four 
compounds 9-6, 9-12, 10-12, and 11-12 are rather small with 1 kJ mol-1 or less but this is 
not unprecedented. Unusually small, however, is the enthalpy of the soft crystal to 
isotropic liquid transition of 12-6, similar to what was observed for 8-6. It is obvious that 
the short aliphatic chains do not contribute much to the transition enthalpy but the 
formation of a partially amorphous solid is also a possible explanation. 
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Different are the transition enthalpies for the sCr to Colh transitions of compounds 9-6, 
9-12, 10-12, and 11-12. Compounds 9-12 and 11-12 display the typical values of >30 kJ 
mol-1 whereas compounds 9-6 and 10-12 show unusually small values of less than 5 kJ 
mol-1. We have no good explanation for the latter result since the order of the Colh 
mesophases appears to be similar for all four compounds based on the similar 
enthalpies of their clearing transitions and a soft crystal phase that melts at a 100 °C 
higher temperature (9-6) should require more energy to melt not less. 
Finally, the phase behavior clearly shows that the different counter ions in 9-12, 10-12, 
and 11-12 do not affect the melting temperatures but the lager anions BF4- and OTf- 
destabilize the Colh mesophases in comparison to I-. Packing considerations may also be 
the reason why compound 12-6 does not display a mesophase because the additional 
butyl chain does not leave much space for the anion within a columnar stack and in the 
plane of the molecule. The columnar packing is disrupted if the anion moves on top or 
below the plane of the molecule (Figure 5:4). 
 
Figure 5:4 3D structures of 9-12 (the left two) and 12-6 (the right two). 
 
The formation of Colh mesophases was confirmed by a combination of XRD and POM 
studies. Compounds 9-12, 10-12, and 11-12 gave diffraction patterns that included at 
least the (10) and (11) reflections, which are sufficient for the identification of a columnar 
mesophase of hexagonal symmetry (Figure 5:5 and Table S5:1). The patterns also 
showed the typical halo for amorphous side-chains at 4.5-4.8 Å but only a weak and 
broad reflection for the intracolumnar stacking at about 3.8 Å, except for 10-12 on 
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cooling at room temperature (Figure S5:28). Also similar are the calculated cell 
parameters of 25.1-25.9 Å and hexagonal lattice areas of 549 Å2, 569 Å2, and 564 Å2 for 
9-12, 10-12, and 11-12, respectively. The slightly larger areas for 10-12 and 11-12 are 
attributed to their larger anions. 
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Figure 5:5 VT-XRD of 11-12. (a) First heating at 20 °C (soft crystal phase obtained by precipitation from 
solution. The sharp peak at high-angle region indicates the crystalline phase), (b) first heating at 65 °C (Colh. 
The broad peak indicates the halo of side chains.), and (c) first cooling at 25 °C. The compound maintains 
the Colh phase. 
 
The uniaxial character of the columnar mesophase is also confirmed by POM because 
all four compounds display fan-shaped and dendritic textures with pseudo-isotropic 
homeotropically aligned areas (Figure 5:6 and Figure S5:16). This is essential for the 
confirmation of a hexagonal columnar mesophase of compound 9-6 that shows no 
higher order small angle reflection but only a broad (10) reflection. Its cell parameter is 
calculated to 22.2 Å and its hexagonal lattice area is 426 Å2, which both agree with the 
estimated size of the compound. 
 
Figure 5:6 POM images of 9-12 and 12-6 upon cooling from their isotropic liquid phase. 9-12 exhibits a 
dendritic texture upon cooling at 194 °C. The dark area is indicative of a homeotropic alignment between 
substrates. 12-6 possesses only three crystalline phases. 
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5.3. Conclusion 
We developed a straightforward and versatile synthetic pathway to new imidazole 
annulated triphenylene derivatives and their imidazolium salts. Unexpectedly, only the 
imidazolium derivatives display mesophases that are all hexagonal columnar phases. 
Their clearing temperatures between 173 °C and 216 °C are below their decomposition 
temperatures and homeotropically aligned domains were obtained if samples 
sandwiched between two glass slides are slowly cooled from their isotropic liquid phases. 
Introduction of a charge incorporates ionic interactions between the cores that are likely 
responsible for the induced mesomorphism. Properties of these materials not only 
depend on the length of the aliphatic side-chains but also on the type of counter ion (I-, 
BF4-, and OTf-). The type of counter ion is shown to alter the thermal stability, clearing 
temperature, and packing order of the compounds. However, mesomorphism is lost if the 
methyl imidazolium is exchanged by butyl imidazolium, which is reasoned with 
insufficient space for the anion to pack closely to the ammonium ion but in the plane of 
the molecule.  
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5.4. Supporting Information (SI) 
Synthesis 
Chemicals 
All reagents and solvents were purchased from Sigma-Aldrich and Fluka Chemical 
Companies and used as purchased unless otherwise stated. Drying agents (MgSO4 as 
well as 3 Å and 4 Å molecular sieves) were purchased from VWR. 1-Propanol and 
methanol were dried over 4 Å and 3 Å molecular sieves, respectively. Tetrahydrofuran 
and diethyl ether were obtained from a solvent purification system (Innovative 
Technology Inc. MA, USA, Pure-Solv 400). Silica gel 60 (35-70mesh ASTM, from EM 
Science, Germany) was used for column chromatography and Silica Gel 60 aluminum 
backed sheets (EM Science, Germany) for thin layer chromatography. 
Instrumentation 
1H-NMR & 13C-NMR spectra were obtained on Bruker NMR spectrometers (DRX 500 
MHz, DPX 300 MHz and DPX 300 MHz with auto-tune). The residual proton signal of 
deuterated chloroform (CDCl3) functioned as a reference signal. Multiplicities of the 
peaks are given as s = singlet, d = doublet, t = triplet, and m = multiplet. Coupling 
constants are given in Hz and only calculated for 1st-order systems. Data are presented 
in the following order (multiplicity, coupling constant, integration). Fourier Transform 
Infrared spectra (FT-IR) were obtained on a Bruker Vector 22. Relative peak intensities 
in IR are abbreviated as vs = very strong, s = strong, m= medium, w = weak, br = broad. 
Liquid samples were performed as films on potassium bromide plates and solid samples 
were run as potassium bromide pellets. Mass spectrometry measurements were 
performed by Kirk Green at the Regional Center for Mass Spectrometry (McMaster 
University) and Jiaxi Wang at the Mass Spectrometry and Proteomics Unit (Queen’s 
University).  
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Synthesis of N,N'-(4,5-dibromo-1,2-phenylene)diheptanamide (2) and N-(2-amino-
4,5-dibromophenyl)heptanamide (3):44 To a solution of heptanoic acid (2.35 g, 18 
mmol) in 100 mL DMF were added a solution of DCC (1.86 g, 9.02 mmol) in a small 
portion of CH2Cl2,  DIEA (2.33 g, 18 mmol, dried through Al2O3) and 4,5-
dibromobenzene-1,2-diamine (1)45 (2 g, 7.5 mmol). After stirring for 12 h at room 
temperature, the mixture was filtered and the solvent evaporated. The residue was 
diluted with CH2Cl2, washed with aqueous NaHCO3 5%, dried over MgSO4, concentrated 
and the residue was subject to column chromatography in Et2O/Hexanes (2:1) to afford 
two white solids, 2 (3 g, 81%) and 3 (0.5 g, 18%).  
Analysis of Compound 2: 1H NMR (500 MHz, CDCl3): δ (ppm) 8.39 (s, 2 H), 7.55 (s, 2 
H), 2.31 (t, J = 5.0 Hz, 4 H), 1.66 (quintet, J = 7.1 Hz, 4 H), 1.33 (m, 12 H), 0.90 (t, J = 
6.6 Hz, 6H). 13C NMR (300 MHz, CDCl3): δ (ppm) 172.69, 130.69, 126.22, 125.54, 37.36, 
31.62, 29.02, 25.78, 22.58, 14.08. IR (KBr) ʋmax (cm-1): 3207, 2927, 2850, 1639, 1532, 
1357, 1241. Melting point: 139 – 141 °C. HRMS m/e for C20H30Br2N2O2 calcd (M+) 
488.0674, found 488.0667.  
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Figure S5:1 1H-NMR (up) and 13C-NMR (down) of 2 in CDCl3. 
 
Analysis of Compound 3: 1H NMR (300 Hz, CDCl3):  δ (ppm) 7.61 (s, 1 H), 7.40 (s, 1 
H), 6.99 (s, 1 H), 3.90 (sbroad, 2H), 2.33 (t, J = 7.8 Hz, 2 H), 1.66 (quintet, J = 7.5 Hz, 2 H), 
1.29 (m, 6 H), 0.88 (t, J = 6.9 Hz, 3H). 13C NMR (300 MHz, CDCl3  plus 1 drop of 
DMSO) ): δ (ppm) 172.18, 141.07, 126.74, 125.44, 124.55, 118.90, 117.75, 48.67, 36.90, 
34.00, 31.58, 28.99, 25.90, 25.72, 24.98, 22.51, 14.06. HRMS m/e for C13H18Br2N2O 
calcd (M+) 375.9786, found 375.9778. 
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Figure S5:2 1H-NMR (up) and 13C-NMR (down) of 3 in CDCl3. 
 
Synthesis of 5,6-dibromo-2-hexyl-1H-benzo[d]imidazole (4):44 To a solution of 2 (165 
mg, 0.34 mmol) in 50 mL toluene was added p-toluenesulfonic acid (128 mg, 0.74 mmol). 
Following reflux of the mixture for overnight, the solvent was evaporated; the residue 
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was diluted with CH2Cl2, washed with aqueous NaHCO3 5%, dried over MgSO4 and 
concentrated. The residue was subject to column chromatography (Et2O/Hexanes, 2:1) 
to afford a white solid 4 (73 mg, 60%). IR (KBr) ʋmax (cm-1): 3296, 2929, 2851, 1635, 
1545, 1444, 1387, 1311, 1245. 1H NMR (300 Hz, CDCl3): δ (ppm) 9.43 (sbroad, 1H), 7.96 
(s, 1H), 7.67 (s, 1H), 2.89 (t, J = 7.5 Hz, 2H), 1.83 (quintet, J = 7.5 Hz, 2H), 1.31–1.28 (m, 
6H), 0.87 (t, J = 6.9 Hz, 3H); 13C NMR (300 Hz, CDCl3): δ (ppm) 157.30, 138.47, 119.08, 
117.70, 31.46, 29.29, 29.02, 28.08, 22.50, 14.03. Melting point: 63 - 66 °C. HRMS m/e 
for C13H16Br2N2 calcd 357.9680 (M+), found 357.9669.  
    Fortunately, 3 can also convert into 4 by refluxing in neat AcOH. The details are 
shown following: 3 (500 mg, 1.24 mmol) was diluted in 10 mL of neat acetic acid. 
Following reflux of the mixture for 5 h, the solvent was evaporated; the residue was 
diluted with CH2Cl2, washed with aqueous NaHCO3 5%, dried over MgSO4, concentrated 
and the residue was subject to column chromatography to afford a white solid 4 (330 mg, 
70%).  
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Figure S5:3 1H-NMR (up) and 13C-NMR (down) of 4 in CDCl3. 
 
Synthesis of 5,6-dibromo-1-butyl-2-hexyl-1H-benzo[d]imidazole (5): There are two 
ways to form 5, regular alkylation and microwave-assisted alkylation. Based on the data 
of different approaches, microwave-assisted alkylation was suggested to increase the 
efficiency. 
(1) Regular alkylation: To a solution of 4 (224 mg, 0.62 mmol) in 50 ml DMF was added 
NaH (60% purity) (25 mg, 0.68 mmol) at room temperature. After stirring for 1 h, 1-
bromobutane (94 mg, 0.68 mmol) was added. Following heating the mixture at 100 °C 
for overnight, the solution was extracted with Et2O/H2O, and organic layer was dried over 
MgSO4 and concentrated. The residue was subject to column chromatography 
(Et2O/Hexanes 1:1) to afford yellow oil 5 (132 mg, 51%). IR (KBr) ʋmax (cm-1): 2955, 2928, 
2855, 1680, 1608, 1506, 1445, 1393, 1302. 1H NMR (300 Hz, CDCl3): δ (ppm) 7.93 (s, 
1H), 7.53 (s, 1H), 4.00 (t, J = 7.2 Hz, 2H), 2.79 (t, J = 7.8 Hz, 2H), 1.85 (quintet, J = 7.8 
Hz, 2H), 1.72 (quintet, J = 7.8 Hz, 2H),1.41–1.30 (m, 8H), 0.95 (t, J = 7.5 Hz, 3H), 0.87 (t, 
J = 6.9 Hz, 3H). 13C NMR (300 Hz, CDCl3): δ (ppm) 157.25, 143.21, 135.34, 123.63, 
131 
116.92, 116.75, 113.78, 43.77, 31.89, 31.54, 29.23, 27.55, 22.55, 20.21, 14.07, 13.75. 
HRMS m/e for C17H24Br2N2 calcd (M+) 414.0306, found 414.0292.  
(2) Solvent-free microwave assisted alkylation: A mixture of 4 (100 mg, 0.28 mmol), KOH 
(31 mg, 0.56 mmol), K2CO3 (154 mg, 0.56 mmol) and 1-bromobutane (42 mg, 0.31 mmol) 
were added in microwave tube. The condition of microwave was set at 150 °C, 10min, 
and “High” absorption level. The mixture was subject to column chromatography 
(Et2O/Hexanes 1:1) to afford yellow oil 5 (100 mg, 86%). 
8 7 6 5 4 3 2 1 0 ppm
0.
89
0.
92
0.
95
0.
97
1.
30
1.
31
1.
32
1.
33
1.
34
1.
37
1.
40
1.
41
1.
42
1.
67
1.
70
1.
72
1.
75
1.
77
1.
80
1.
82
1.
85
1.
88
1.
90
2.
76
2.
79
2.
81
3.
97
4.
00
4.
02
7.
26
7.
53
7.
93
3.
11
3.
05
8.
37
2.
09
2.
02
2.
01
1.
99
1.
01
1.
00
 
132 
102030405060708090100110120130140150160 ppm
13
.7
5
14
.0
7
20
.2
1
22
.5
5
27
.5
5
29
.2
3
31
.5
4
31
.8
9
43
.7
7
11
3.
78
11
6.
75
11
6.
92
12
3.
63
13
5.
34
14
3.
21
15
7.
25
 
Figure S5:4 1H-NMR (up) and 13C-NMR (down) of 5 in CDCl3. 
 
Synthesis of 5,6-bis(3,4-bis(dodecyloxy)phenyl)-1-butyl-2-hexyl-1H-
benzo[d]imidazole (7-12):46 A mixture of 5 (400 mg, 0.37 mmol), 3,4-
bis(dodecyloxy)phenylboronic acid (6-12) (400 mg, 0.81 mmol) and NaOH (33 mg, 0.81 
mmol) in 1,4-dioxane (30 mL) was carefully degassed with dry nitrogen before Pd(PPh3)4 
(13 mg, 5% mol) was added. The mixture was stirred for 20 h at 80 °C, extracted with 
CH2Cl2, and the combined organic layer was dried over Na2SO4 and concentrated. This 
solution was subject to column chromatography (silica gel, hexanes/Et2O = 2:1) to give a 
white solid (400 mg, 86%). IR (KBr) ʋmax (cm-1): 2920, 2851, 1603, 1578, 1513, 1465, 
1249. 1H-NMR (300 Hz, CDCl3): δ (ppm) 7.77 (s, 1H), 7.30 (s, 1H), 6.79 (sbroad, 2H), 6.75 
(sbroad, 2H), 6.62 (d, J = 8.1 Hz, 2H), 4.13 (t, J = 7.2 Hz, 2H), 3.96 (m, J = 6.6 Hz, two 
triplets are overlaped, 4H), 3.67 (m, J = 6.6 Hz, two triplets are overlaped, 4H), 2.90 (t,  J 
= 7.5 Hz, 2H), 1.92 (quintet, J = 7.8 Hz, 2H), 1.43-1.26 (m, 90H), 0.98 (t, J = 7.5 Hz, 3H), 
0.88 (m, 15H). 13C-NMR (300 Hz, CDCl3): δ (ppm) 157.81, 149.55, 149.37, 148.77, 
135.08, 125.33, 125.03, 124.39, 124.21, 122.96, 112.25, 108.82, 108.08, 107.58, 106.95, 
101.61, 70.29, 70.16, 69.69, 69.10, 43.49, 31.98, 31.65, 29.73, 29.59, 29.42, 27.77, 
133 
27.50, 26.27, 26.20, 22.73, 22.61, 20.32, 14.13, 13.82. Melting point: 42 – 44 °C. HRMS 
m/e for C77H131N2O4 calcd (MH+) 1148.0108, found 1148.0127. 
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Figure S5:5 1H-NMR (up) and 13C-NMR (down) of 7-12 in CDCl3. 
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Synthesis of 10-butyl-2,3,6,7-tetrakis(dodecyloxy)-11-hexyl-10H-triphenyleno[2,3-
d]imidazole (8-12): 7-12 (714 mg, 0.62 mmol) was dissolved in solvent mixture 
(DCM/MeNO2 = 1:1). FeCl3 (150 mg, 1.24 mmol) in small portion of MeNO2 was injected 
into solution dropwise. After stirring for 5 min, 5 mL dry MeOH was added to quench 
oxidative reagent. Large portion of MeOH was added to precipitate a brown solid 8-12 
out (641 mg, 90%). IR (KBr) ʋmax (cm-1): 2917, 2849, 1616, 1519, 1466, 1430, 1387, 
1260. 1H-NMR (300 Hz, CDCl3): δ (ppm) 8.82 (s, 1H), 8.23 (s, 1H), 8.12 (s, 1H), 8.05 (s, 
1H), 7.85 (d, J = 2.4 Hz, 2H), 4.25 (m, 10H), 2.95 (t, J = 7.5 Hz, 2H), 1.95 (m, 10H), 1.56-
1.29 (m, 82H), 1.06 (t, J = 7.5 Hz, 3H), 0.89 (m, 15H). 13C-NMR (300 Hz, CDCl3): δ (ppm) 
157.81, 149.55, 149.37, 148.77, 135.08, 125.33, 125.03, 124.39, 124.21, 122.96, 112.25, 
108.82, 108.08, 107.58, 106.94, 101.61, 70.29, 70.16, 69.69, 69.10, 43.49, 31.98, 31.65, 
29.73, 29.59, 29.42, 27.77, 27.50, 26.27, 26.20, 22.73, 22.60, 20.32, 14.13, 13.82. 
Melting point: 75 – 79 °C. HRMS m/e for C77H128N2O4 calcd (M+) 1144.9874, found 
1144.9833.  
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Figure S5:6 1H-NMR (up) and 13C-NMR (down) of 8-12 in CDCl3. 
 
Synthesis of 10-butyl-2,3,6,7-tetrakis(dodecyloxy)-11-hexyl-12-methyl-10H-
triphenyleno[2,3-d]imidazol-12-ium iodide (9-12): 8-12 (30 mg, 0.026 mmol) and 
iodomethane (18 mg, 0.13 mmol) were dissolved into 20 mL MeCN. After heating up to 
60 - 70 °C for 10 h, the solvent was evaporated by rotary evaporator. The residue was 
subject to column chromatography in DCM/MeOH (100:1) to afford a yellow solid 9-12 
(30 mg, 90%). IR (KBr) ʋmax (cm-1): 2918, 2849, 1612, 1520, 1457, 1388, 1264. 1H-NMR 
(300 Hz, CDCl3): δ (ppm) 9.00 (s, 1H), 8.96 (s, 1H), 8.43 (s, 1H), 8.41 (s, 1H), 7.80 (sbroad, 
two singlets are overlaped, 2H), 4.73 (t, J = 5.4 Hz, two triplets are overlaped, 4H), 4.55 
(sbroad, 2H), 4.27 (t, J = 6.6 Hz, two triplets are overlaped, 4H), 3.98 (s, 3H), 2.03-1.96 (m, 
12H), 1.66-1.59 (m, 12H), 1.45-1.27 (m, 70H), 0.88 (m, 18H). 13C-NMR (300 Hz, CDCl3): 
δ (ppm) 152.74, 150.72, 150.67, 150.28, 150.18, 129.67, 129.05, 127.93, 123.93, 123.81, 
122.53, 108.74, 108.46, 107.44, 107.21, 106.87, 106.72, 71.65, 71.57, 70.05, 46.62, 
34.60, 31.99, 30.85, 29.81, 29.77, 29.66, 29.59, 29.44, 29.11, 26.53, 26.29, 22.74, 22.37, 
19.97, 14.14, 13.96. HRMS m/e for C78H131IN2O4 calcd (M+) 1286.9154, found 1160.0128 
(M+-I, calcd 1160.0108) and 126.9049 (I-, calcd 126.9045). 
136 
 
Figure S5:7 1H-NMR (up) and 13C-NMR (down) of 9-12 in CDCl3. 
 
137 
 
Figure S5:8 HMQC of 9-12 in CDCl3. 
 
 
Figure S5:9 HMBC of 9-12 in CDCl3. 
 
Synthesis of 10-butyl-2,3,6,7-tetrakis(dodecyloxy)-11-hexyl-12-methyl-10H-
triphenyleno[2,3-d]imidazol-12-ium tetrafluoroborate (10-12): 9-12 (50 mg, 0.039 
138 
mmol) and excesses amount of NaBF4 were dissolved into mixture of DCM, acetone and 
H2O until a clear solution was obtained. The solution was stirred for 16 h and extracted 
with CH2Cl2/H2O, and then the organic layer was dried over MgSO4 and concentrated. 
This solution was subjected to column chromatography (DCM/MeOH = 10:1) to give a 
yellow-brown solid 10-12 (43.6 mg, 90%). IR (KBr) ʋmax (cm-1): 2918, 2849, 1612, 1521, 
1457, 1388, 1265. 1H-NMR (300 Hz, CDCl3): δ (ppm) 8.58 (s, 1H), 8.54 (s, 1H), 8.10 (s, 
1H), 8.07 (s, 1H), 7.70 (sbroad, two singlets are overlaped, 2H), 4.45 (m, J = 6.0 Hz, two 
triplets are overlaped, 4H), 4.25 (m, J = 6.0 Hz, three triplets are overlaped, 6H), 3.72 (s, 
3H), 2.00-1.96 (m, 12H), 1.64 (m, 12H), 1.28 (m, 70H), 0.89 (m, 18H). 13C-NMR (300 Hz, 
CDCl3): δ (ppm) 153.15, 150. 52, 150.19, 129.71, 129.10, 128.14, 123.75, 122.39, 
107.28, 107.08, 106.62, 105.82, 69.96, 45.49, 32.08, 30.83, 29.92, 29.66, 29.54, 29.14, 
26.52, 26.38, 22.83, 22.45, 19.76, 14.25, 14.05, 13.73. HRMS m/e for C78H131BF4N2O4 
calcd (M+) 1247.0138, found 1160.0128 (M+-BF4, calcd 1160.0108) and 87.0028 (BF4-, 
calcd 87.0029). 
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Figure S5:10 1H-NMR (up) and 13C-NMR (down) of 10-12 in CDCl3. 
 
Synthesis of 10-butyl-2,3,6,7-tetrakis(dodecyloxy)-11-hexyl-12-methyl-10H-
triphenyleno[2,3-d]imidazol-12-ium trifluoromethanesulfonate (11-12): 9-12 (50 mg, 
0.039 mmol) and AgOTf (20 mg, 0.078 mmol) were dissolved into a mixture of DCM, 
acetone and H2O until a clear solution was obtained. The solution was stirred for 16 h, 
extracted with CH2Cl2/H2O, and then the organic layer was dried over MgSO4 and 
concentrated. This solution was subjected to column chromatography (DCM/MeOH 
(10:1)) to give a yellow-brown solid 11-12 (45.8 mg, 90%). IR (KBr) ʋmax (cm-1): 2918, 
2850, 1612, 1520, 1457, 1435, 1387, 1263. 1H-NMR (300 Hz, CDCl3): δ (ppm) 8.67 (s, 
1H), 8.63 (s, 1H), 8.13 (s, 1H), 8.11 (s, 1H), 7.71 (sbroad, 2H), 4.42 (sbroad, three triplets are 
overlaped, 6H), 4.23 (t, J = 6.0 Hz, two triplets are overlaped, 4H), 3.86 (s, 3H), 2.16 (t, J 
= 6.9 Hz, 2H), 1.97 (m, 10H), 1.78-1.61 (m, 12H), 1.28 (m, 70H), 0.89 (m, 18H). 13C-
NMR (300 Hz, CDCl3): δ (ppm) 153.72, 150.74, 150.68, 150.16, 150.03, 129.97, 129.31, 
128.49, 128.43,  124.14, 124.04, 123.02, 122.52, 122.39, 118.77, 107.81, 107.63, 
106.70, 106.62, 105.95,  70.15, 69.99, 69.82, 45.69, 32.46, 31.86, 30.86, 29.89, 29.76, 
29.52, 29.53, 26.82, 26.52, 26.38, 23.24, 22.83, 22.47, 19.86, 14.24, 14.04, 13.73. 
140 
HRMS m/e for C79H131F3N2O7S calcd (M+) 1308.9629, found 1160.0128 (M+-OTf, calcd 
1160.0108) and 148.9519 (OTf-, calcd 148.9520). 
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Figure S5:11 1H-NMR (up) and 13C-NMR (down) of 11-12 in CDCl3. 
141 
Synthesis of 5,6-bis(3,4-bis(hexyloxy)phenyl)-1-butyl-2-hexyl-1H-
benzo[d]imidazole (7-6): A mixture of 5 (262 mg, 0.63 mmol), 3,4-
bis(hexyloxy)phenylboronic acid 6-6 (445 mg, 1.39 mmol) and Cs2CO3 (451 mg, 1.39 
mmol) in DMF/toluene (30 mL, 1:1) was carefully degassed with dry nitrogen before 
Pd(PPh3)4 (36 mg, 5 %mol) was added. The mixture was stirred for 16 h at 90 °C, 
extracted with CH2Cl2, and the combined organic layer was dried over Na2SO4 and 
concentrated. This solution was subject to column chromatography (hexanes/Et2O (2:1)) 
to give a colorless oil 7-6 (420 mg, 82%). IR (KBr) ʋmax (cm-1): 2927, 2858, 1602, 1508, 
1454, 1245. 1H-NMR (300 Hz, CDCl3): δ (ppm) 7.75 (s, 1H), 7.29 (s, 1H), 6.79-6.75 (d, 
one singlet and one doublet are overlaped, J = 13.5 Hz, 4H), 6.63 (d, J = 8.4 Hz, 2H), 
4.12 (t, J = 7.5 Hz, 2H), 3.96 (m, two triplets are overlapped, J = 6.6 Hz, 4H), 3.67 (m, 
two triplets are overlaped, J = 6.6 Hz, 4H), 2.88 (t, J = 7.5 Hz, 2H), 1.91-1.78 (m, 10H), 
1.65 (m, 6H), 1.43-1.33 (m, 28H), 0.98 (t, J = 7.2 Hz, 3H), 0.90 (m, 15H). 13C-NMR (300 
Hz, CDCl3): δ (ppm) 156.13, 148.37, 147.83, 147.57, 142.17, 135.62, 135.37, 135.27, 
135.14, 134.51, 122.38, 122.21, 120.51, 116.77, 116.51, 113.37, 110.72, 69.39, 69.35, 
69.26, 69.10, 43.69, 32.17, 31.76, 31.68, 29.81, 29.45, 29.38, 29.19, 28.01, 27.71, 25.85, 
25.80, 22.74, 20.36, 14.15, 13.89. HRMS m/e for C53H82N2O4 calcd (M+) 810.6275, found 
810.6289.  
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Figure S5:12 1H-NMR (up) and 13C-NMR (down) of 7-6 in CDCl3. 
 
Synthesis of 10-butyl-11-hexyl-2,3,6,7-tetrakis(hexyloxy)-10H-triphenyleno[2,3-
d]imidazole (8-6): 7-6 (290 mg, 0.36 mmol) was dissolved in solvent mixture 
(DCM/MeNO2 = 1:1). FeCl3 (174 mg, 1.07 mmol) in small portion of MeNO2 was injected 
143 
into solution dropwise. After stirring for 5 min, 5 mL dry MeOH was added to quench 
oxidative reagent. Large portion of MeOH was added to precipitate a white solid 8-6 out 
(260 mg, 90%). IR (KBr) ʋmax (cm-1): 2922, 2854, 1615, 1519, 1455, 1430, 1388, 1257, 
1163. 1H-NMR (300 Hz, CDCl3): δ (ppm) 8.83 (s, 1H), 8.23 (s, 1H), 8.10 (s, 1H), 8.05 (s, 
1H), 7.84 (d, J = 2.8 Hz, 2H), 4.25 (m, 10H), 2.94 (t, J = 7.5 Hz, 2H), 1.95 (m, 10H), 1.56-
1.39 (m, 34H), 1.05 (t, J = 7.5 Hz, 3H), 0.93 (m, 15H). 13C-NMR (300 Hz, CDCl3): δ (ppm) 
157.87, 149.51, 149.33, 148.74, 142.35, 135.15, 125.27, 125.17, 125.04, 124.35, 124.22, 
122.93, 112.28, 108.76, 108.03, 107.54, 106.88, 101.58, 70.24, 70.13, 69.67, 69.06, 
43.47, 31.99, 31.74, 31.69, 29.74, 29.59, 29.50, 29.35, 29.33, 27.80, 27.49, 25.91, 25.88, 
22.71, 22.61, 20.33, 14.10. Melting point: 69 – 72 °C. HRMS m/e for C53H80N2O4 calcd 
(M+) 808.6118, found 808.6133.  
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Figure S5:13 1H-NMR (up) and 13C-NMR (down) of 8-6 in CDCl3. 
 
Synthesis of 10-butyl-11-hexyl-2,3,6,7-tetrakis(hexyloxy)-12-methyl-10H-
triphenyleno[2,3-d]imidazol-12-ium iodide (9-6): The procedure of 9-6 was followed 
the one of 9-12. A yellow solid (90%) was yielded. IR (KBr) ʋmax (cm-1): 2954, 2927, 2857, 
1611, 1514, 1454, 1432. 1H-NMR (300 Hz, CDCl3): δ (ppm) 8.93 (s, 1H), 8.90 (s, 1H), 
8.36 (s, 1H), 8.34 (s, 1H), 7.79 (sbroad, two singlets are overlaped, 2H), 4.67 (t, J = 6.0 Hz, 
two triplets are overlaped, 4H), 4.55 (sbroad, 2H), 4.27 (t, J = 6.0 Hz, two triplets are 
overlaped, 4H), 4.01 (s, 3H), 2.15 (sbroad, 2H), 2.01-1.96 (m, 10H), 1.64-1.56 (m, 10H), 
1.42-1.25 (m, 24H), 0.98-0.91 (m, 18H). 13C-NMR (300 Hz, CDCl3): δ (ppm) 152.88, 
150.64, 150.19, 150.08, 129.73, 129.10, 127.99, 123.95, 123.84, 122.52, 108.53, 108.28, 
107.28, 107.07, 106.73, 106.59, 71.42, 70.00, 46.59, 34.44, 32.03, 31.84, 30.95, 29.55, 
29.22, 26.84, 26.21, 26.00, 23.69, 22.80, 22.46, 20.04, 14.24, 14.19, 14.06, 13.84. 
HRMS m/e for C54H83IN2O4 calcd (M+) 950.5398, found 823.6318 (M+-I, calcd 823.6353), 
and 126.9049 (I-, calcd 126.9045). 
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Figure S5:14 1H-NMR (up) and 13C-NMR (down) of 9-6 in CDCl3. 
 
Synthesis of 10,12-dibutyl-11-hexyl-2,3,6,7-tetrakis(hexyloxy)-10H-
triphenyleno[2,3-d]imidazol-12-ium bromide (12-6): 8-6  (30 mg, 0.037 mmol) and 1-
bromobutane (51 mg, 0.37 mmol) were dissolved into 30 mL DMF. After heating up to 
146 
90 °C for 10 h, the mixture was extracted with DCM/H2O and the dry organic layer was 
evaporated by rotary evaporator. The residue was subjected to column chromatography 
in DCM/MeOH (100:1) to afford a brown solid 13-6 (15 mg, 40%). IR (KBr) ʋmax (cm-1): 
2922, 2854, 1735, 1670, 1611, 1517, 1457, 1261. 1H-NMR (300 Hz, CDCl3): δ (ppm) 
8.86 (s, 2H), 8.30 (s, 2H), 7.81 (s, 2H), 4.58 (t, J = 6.0 Hz, four triplets are overlaped, 8H), 
4.27 (t, J = 6.6 Hz, two triplets are overlaped, 4H), 2.01-1.96 (m, 10H), 1.67-1.61 (m, 
10H), 1.42-1.25 (m, 30H), 0.95-0.93 (m, 21H). 13C-NMR (300 Hz, CDCl3): δ (ppm) 
152.65, 150.69, 150.13, 129.23, 127.99, 124.01, 122.59, 108.70, 107.40, 106.93, 71.57, 
70.02, 46.65, 31.99, 31.91, 30.84, 29.82, 29.77, 29.65, 29.56, 29.44, 29.32, 26.54, 26.28, 
22.75, 22.41, 20.05, 14.16, 14.00. HRMS m/e for C57H89BrN2O4 calcd (M+) 944.6006, 
found 944.6006, 865.6823 (M+-Br, calcd 865.6822), 808.6102 (M+-C4H9Br, calcd 
808.6118). 
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Figure S5:15 1H-NMR (up) and 13C-NMR (down) of 12-6 in CDCl3. 
 
148 
Mesomorphism 
Polarized light microscopy was performed on an Olympus TPM51 polarized light 
microscope that was equipped with a Linkam variable temperature stage HCS410 and 
digital photographic imaging system (DITO1).  Calorimetric studies were conducted on a 
Mettler Toledo DSC 822e and thermal gravimetric analysis was performed on a Mettler 
Toledo TGA SDTA 851e.  Helium (99.99%) was used to purge the system at a flow rate 
of 60 mL/min.  Samples were held at 30 °C for 30 min before heated to 550 °C at a rate 
of 5 °C/min.  All samples were run in aluminum crucibles. XRD measurements were run 
on a Bruker D8 Discover diffractometer equipped with a Hi-Star area detector and 
GADDS software package.  The tube was operated at 40 kV and 40 mA and CuK 1 　
radiation (=1.54187 Å) with an initial beam diameter of 0.5 mm is used.  A modified 
Instec hot & cold stage HCS 402 operated via controllers STC 200 and LN2-P (for below 
ambient temperatures) was used for variable temperature XRD measurements. 
149 
Polarized Optical Microscopy (POM) 
   
    
Figure S5:16 Photomicrograph of 9-12 (a), 10-12 (b), 11-12 (c), 9-6 (d), and 12-6 (e) sandwiched between 
glass slides. (a) – (d) are dendritic textured domains and homeotropically aligned domains of Colh phase at 
194 °C, 110 °C, 147 °C, and 145 °C upon cooling from the isotropic phase at 2 °C/min (crossed polarizers), 
while (e) displays a crystalline phase at 132 °C upon cooling from the isotropic phase at 2 °C/min (crossed 
polarizers). 
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Thermal Gravimetric Analysis (TGA) 
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Figure S5:17 TGA of 7-12 (grey), 8-6 (orange), 8-12 (brown), 9-6 (purple), 9-12 (red), 10-12 (black), 11-12 
(blue) and 12-6 (green) at 5 °C/min under He. All these compounds are decomposed (3% weight loss) at 
215 °C, 170 °C, 205 °C, 201 °C, 227 °C, 250 °C, 271°C and 170 °C, respectively. 
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Differential Scanning Calorimetry (DSC)  
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Figure S5:18 DSC graphs (baseline corrected) of 9-6 at 5 °C/min under N2. The transitions happening at 51 
and 158 °C are well resolved in the overview scans. However, the clearing transition at about 216 °C 
observed by POM is not capable to be detected in DSC because this compound decomposes as it melts. 
There is not transition observed at 1st cooling and 2nd heating, because (1) the high molecular dynamics 
forces the transition from a liquid phase to a Colh phase happen too quickly to been detected; (2) the Colh 
phase is a thermodynamically stable phase and the transition from this Colh phase to a crystal phase is 
kinetic slow. After a couple of hours, the exact same transition behaviors are repeated on the 2nd run of DSC. 
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Figure S5:19 2nd run of DSC graphs (baseline corrected) of 9-6 at 5 °C/min under N2. The transition from a 
crystal phase to a Colh phase at 158 °C is observed this time.  
152 
0 50 100 150
-1.2
-1.0
-0.8
-0.6
-0.4
-0.2
0.0
0.2
ex
ot
he
rm
ic
 h
ea
t (
m
W
)
T (C)
1st heating 
2nd heating
1st cooling
 
Figure S5:20 DSC graphs (baseline corrected) of 9-12 at 5 °C/min under N2. The transition happening at 
56.4 °C is well resolved in the overview scans. The clearing transition at about 209 °C observed by POM is 
not capable to be detected in DSC because this compound decomposes as it melts. There is not transition 
observed at 1st cooling and 2nd heating, because the Colh phase is a thermodynamically stable phase and 
the transition from this Colh phase to a crystal phase is kinetic slow. After a couple of hours, the exact same 
transition behaviors are repeated on the 2nd run of DSC. 
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Figure S5:21 2nd run of DSC graphs (baseline corrected) of 9-12 at 5 °C/min under N2. 
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Figure S5:22 DSC graphs (baseline corrected) of 10-12 at 5 °C/min under N2. The transition happening at 
56.3 °C and 173 °C are well resolved in the overview scans. There is not transition from a Colh phase to a 
liquid phase observed upon 2nd heating, because the high molecular dynamics forces the transition from a 
liquid phase to a Colh phase happen too quickly to been detected. The lower transition temperature at 45 °C 
(1st cooling) and 50 °C (2nd heating) corresponding to the Colh-sCr phase is because the crystal phase with a 
low degree of crystallinity is formed after the 1st heating. 
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Figure S5:23 DSC graphs (baseline corrected) of 11-12 at 5 °C/min under N2. The transitions happening at 
51.4 °C and 176 °C are well resolved in the overview scans. There is not transition corresponding to the one 
between a Colh phase to a crystal phase observed at 1st cooling and 2nd heating, because the Colh phase is 
a thermodynamically stable phase and the transition from this Colh phase to the crystal phase is kinetic slow. 
After a couple of hours, the exact same transition behaviors are repeated on the 2nd run of DSC. 
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Figure S5:24 2nd run of DSC graphs (baseline corrected) of 11-12 at 5 °C/min under N2. 
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Figure S5:25 DSC graphs (baseline corrected) of 12-6 at 5 °C/min under N2. The transitions happening at 
17.4 °C and 33.8 °C are well resolved in the overview scans. There is no transition from a crystal phase to a 
liquid phase observed upon heating, because the high molecular dynamics forces the transition from a 
crystal phase to a liquid phase happen too quickly to been detected. Upon cooling, only a crystal phase with 
a low degree of crystallinity is observed at 29.3 °C. 
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Variable Temperature X-ray Diffraction (VT-XRD) 
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Figure S5:26 VT-XRD of 9-6. (a) First heating at 25 °C (soft crystal phase obtained by precipitation from 
solution), (b) first heating at 65 °C (Soft crystal phase, multiple sharp peaks in high-angle region indicate the 
crystalline phase), (c) first heating at 170 °C (Colh, the broad peak in low-angle region indicates the halo of 
side chains), (d) first cooling at 90 °C (Colh), and (e) first cooling at 25 °C (Colh). The compound maintains 
the same Colh phase upon cooling. 
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Figure S5:27 VT-XRD of 9-12. (a) First heating at 20 °C (soft crystal phase obtained by precipitation from 
solution, the sharp peak at high-angle region indicates the crystalline phase), (b) first heating at 65 °C (Colh. 
The broad peak indicates the halo of side chains), and (c) first cooling at 25 °C. The compound maintains the 
Colh phase.  
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Figure S5:28 VT-XRD of 10-12.  (a) First heating at 20 °C (soft crystal phase obtained by precipitation from 
solution. The sharp peak at high-angle region indicates the crystalline phase), (b) first heating at 65 °C (Colh, 
The broad peak indicates the halo of side chains), and (c) first cooling at 25 °C. The compound maintains the 
Colh phase. 
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Figure S5:29 VT-XRD of 11-12. (a) First heating at 20 °C (soft crystal phase obtained by precipitation from 
solution. The sharp peaks at high-angle region indicate the crystalline phase), (b) first heating at 65 °C (Colh. 
The broad peak indicates the halo of side chains.), and (c) first cooling at 25 °C. The compound maintains 
the Colh phase. 
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Figure S5:30 VT-XRD of 12-6. (a) First heating at 25 °C (a soft crystal phase is obtained by precipitation 
from solution. The sharp peaks at high-angle region indicate the crystalline phase), (b) first heating at 100 °C. 
(a different soft crystal phase is obtained.) 
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Table S5:1 Detailed indexation at a given temperature of all liquid-crystalline phases of compounds 9-6, 9-
12, 10-12, and 11-12. (2θ is the diffraction angle (in degrees); dobs and dcalc are the corresponding spacing 
(in Å) which are observed and calculated respectively; I is the intensity of the diffraction signal; hk is the 
indexation of the two-dimensional lattice; a and b are the lattice parameters; S is the lattice area.) 
 
9-6 
T (°C) 2θ (°) dobs (Å) I hk (P6mm) dcalc (Å) 
Colh, 
a=22.2 Å 
Sh= 426 Å2 90 
4.6 19.2 100 10 19.2 
19.9a 4.46 17.5 
  
23.5b 3.78 16.5 
9-12 
T (°C) 2θ (°) dobs (Å) I hk (P6mm) dcalc (Å) 
Colh, 
a=25.1 Å 
Sh= 549 Å2 
  65 
4.06 21.8 100 10 21.8 
7 12.6 8.5 11 12.6 
19.7a 4.51 11.5 
  
23.5b 3.79 10.3 
10-12 
T (°C) 2θ (°) dobs (Å) I hk (P6mm) dcalc (Å) 
Colh, 
a=25.6 Å 
Sh= 569 Å2 
65 
3.98 22.2 100 10 22.2 
6.83 12.9 3.5 11 12.8 
7.77 11.4 2.2 20 11.1  
19.7a 4.51 4.9 
  
23.3b 3.82 3.4 
25 (on 
cooling) 
4.00 22.1 100 10 22.1 
6.86 12.9 3 11 12.8 
7.91 11.2 1.7 20 11.1 
10.5 8.44 1.6 21 8.40 
19.9a 4.46 4.1
24.8b 3.59 4.6
11-12 
T (°C) 2θ (°) dobs (Å) I hk (P6mm) dcalc (Å) 
Colh,  
a=25.5 Å 
Sh= 564 Å2 65 
4 22.1 100 10 22.1 
6.84 12.9 3.6 11 12.8 
19.7a 4.51 6.4 
  
23.3b 3.82 4.3 
 
a Diffuse broad reflection (halo) of aliphatic side-chains in an amorphous (molten) state; b Stacking distance 
in the columnar arrangement. 
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Calculation of unit cell areas and cell parameters “a” and “b” for 2-dimensional 
hexagonal patterns are given below. 
Colh                                                                                                                              
2
103
2 dSS h                                                                                                                                               
103
4da         
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Chapter 6. Star-Shaped Discotic Liquid Crystals of 
Donor-Acceptor Structures 
6.1. Introduction 
Columnar liquid crystals have been grouped as a class of materials in which molecules 
co-facially self-assemble to form highly ordered arrays of columnar stacks.1 Columnar 
structures of discotic liquid crystals (DLCs) are capable of transporting holes (p-type)2-4 
and electrons (n-type)5-8 due to π-π stacking interactions, which makes them interesting 
organic semiconductors for applications in optoelectronics, such as organic field-effect 
transistors (OLED)9 and organic photovoltaic cells.10 In photovoltaics, excitons generated 
by photoexcitation of usually the donor material diffuse towards the donor-acceptor (D-A) 
interface at which the electron-hole pair may be separate. Subsequently, the fully 
separated free charge carriers are transported by the internal electric field to the 
respective electrodes, which creates the photocurrent. However, since excitons have a 
short lifetime, they can only travel a short distance before they recombine. Typical travel 
distances in organic materials are 5-14 nm and are usually defined as the exciton 
diffusion length.11-13 
Consequently, the ideal distance between donor and acceptor domains should be 
between 10-20 nm to ensure that most generated excitons reach the interface 
(heterojunction) before they recombine. This is particularly important in bulk 
heterojunction (BHJ) materials introduced by Yu et al.,14-16 but it has been proven difficult 
to generate such nano-sized domains with mixtures of small molecule or polymeric donor 
and acceptor organic semiconductors. 
In principle, self-organizing DLCs should be better suited for generating donor and 
acceptor domains but this has not yet been realized for different reasons. Mixtures of 
miscible donor and acceptor DLCs form mixed columns (often charge transfer 
complexes)17-19 and mixtures of immiscible DLCs macrophase separate into two 
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macroscopic phases of small interfacial area.20 Similarly, form covalently linked donor 
and acceptor DLCs stacks with alternating orientation due to strong interactions between 
donor and acceptor (Figure 6:1). The conduction of charge carriers (electrons and holes) 
in such donor-acceptor stacks has been shown to be unfavorable.18  
 
Figure 6:1 Schematic illustration of D-A alternative and segregated packing structures.  
 
To overwrite the favoured electrostatic interactions between donor and acceptor 
molecules stronger intermolecular interactions have been introduced, most prominently 
H-bonding. Several reports have demonstrated that H-bonding between amide groups is 
capable of inducing and stabilizing columnar phases.21,22 However, intermolecular H-
bonding often forces the adjacent aromatic cores to rotate by some degree with respect 
to one another, which disfavors charge carrier transport.23-27 Mativetsky et al. generated 
a novel oligomer consisting of HBC and PMI.28 Although this oligomer forms a 
segregated donor and acceptor stacks and exhibits columnar mesomorphism, the 
perylenecarboximide (PMI) unit is rotated out of the plane with respect to the 
hexabenzocoronene (HBC) core due to steric hindrance. Two adjacent PMI disks are 
unable to stack on top of one another with the same configuration, resulting in lateral 
rotation of the molecules. Since only HBC cores stack on top of each other, the oligomer 
only contributes to hole transport. It has also been shown that many D-A type 
oligomers23,29,30 are difficult to process into aligned monodomains required for optimum 
performance in optoelectronic devices. 
Another widely applied approach to D-A structures combines both properties in a 
single functional molecule or conjugated polymer chain to control the HOMO-LUMO gap 
of the material. In fact, most small “band” gap conjugated polymers are based on this 
concept. One important limitation is the formation of aligned monodomains of the 
required orientation and size. Once D and A are chemically combined, the band gap 
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decreases.28,31-33 Our group applied a similar idea to the design of DLCs as it may 
provide control over the charge transport of holes and electrons if the donor and 
acceptor parts are quasi separated on the molecule as illustrated in Figure 6:2. Since 
electron transport along columnar stacks is facilitated by the electronic interactions 
between unoccupied frontier orbitals and hole transport by the interactions between 
occupied frontier orbitals it is possible to bias between hole and electron transport if only 
the donor or only the acceptor parts electronically interact.31 This was first demonstrated 
by our group for a H-bonded DLC that conducts electrons only despite being a weak 
electron acceptor.23  
 
Figure 6:2 Two examples of discotic molecules consisting of a D-A structure. 
 
The charge carrier mobility generally increases with increasing order of the 
mesophases upon heating, which lead to an increase of transfer integral. However, an 
increase in temperature can also causes an increase of the stacking distance and 
translational mobility of discotic molecules, both leading to a decrease in transfer integral. 
The transfer integral describes the probability of electron/hole hoping into two adjacent 
molecules. It is very sensitive to relative positions (such as intermolecular distance) and 
orientations and rotational registration of neighbors. Hence, for efficient hoping rate it is 
important to lock the relative molecular orientations at the positions of the maxima of the 
transfer integral. That is to say that it is preferable to obtain the overlap of D (A) moieties 
resulting in the overlap of HOMO (LUMO), which facilitates hole (electron) transport.  
A major disadvantage of intermolecular H-bonding for directing the self-organization of 
DLCs is their high viscosity and clearing temperatures of their mesophases that hamper 
alignment and monodomain formation in thin films. Objective of this project was the 
development of electron but not hole conducting donor-acceptor DLCs without the use of 
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H-bonding. We chose star-shaped D-A DLCs 3 and 4 based on a central 
hexaazatriphenylene as electron acceptor that is surrounded by three 2,3,6,7-
tetrakis(dodecyloxy)terphenyl or 2,3,6,7-tetrakis(dodecyloxy)triphenylene electron donor 
parts as target structures. Hexaazatriphenylene (HAT) has been shown to be a 
reasonably good electron acceptor,10 which is mainly attributed to the imine groups.32,34-37 
Also, HAT is synthetically straightforward to prepare and has been established as an 
organic semiconductor.38  
Alkoxy substituted triphenylene derivatives have been extensively investigated as 
electron donor columnar DLCs and organic semiconductors,39 and the non-planar 
tetraalkoxyterphenyl units are similarly electron rich. It was our expectation that the 
columnar mesophase of the non-planar tetradodecyloxyterphenyl substituted compound 
3 conducts only electrons because the tilted didodecyloxyphenyl groups do not form 
continuous π-π stacks and the occupied frontier orbitals are mainly localized on these 
groups. In contrast, the columnar mesophase of the planar tetradodecyloxytriphenylene 
substituted compound 4 is expected to conduct both electrons and holes because all 
aromatic parts (HAT and tetradodecyloxytriphenylene units) are expected to generate 
continuous π-π stacks. 
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6.2. Results and Discussion 
 
Scheme 6:1 Reaction scheme of compound 3 and 4. Reaction Conditions: (a) 25% HNO3, 50 °C, 10 h; (b) 
AcOH, 120 °C, overnight; (c) 7 eq. VOF3, 7 eq. BF3•Et2O, 30 min. 
 
The precursor 2 was synthesized using the approach described in Chapter 2. 
Compound 3 was synthesized by a condensation of three equivalents of diamino 
terphenyl 2 with hexaketone 1. Subsequent treatment of 3 with VOF3 generated 4 via 
oxidative coupling. (Scheme 6:1). Detailed synthetic conditions and spectroscopic data 
are available in the SI.  
Compounds 3 and 4 both displayed columnar mesophases over wide ranges of 
temperature, which were studied by differential scanning calorimetry (DSC), 
thermogravimetric analysis (TGA), polarized optical microscopy (POM), and by X-ray 
diffraction (XRD) (Scheme 6:2).  
 
Scheme 6:2 The phase transitions of 3 and 4 as determined by POM, DSC, and pXRD. a Measured by POM.   
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Compound 3 was obtained as a columnar soft crystal phase when crystallized from 
solution at room temperature and melted into a 2-dimensional hexagonal columnar 
mesophase (Colh) at 26.3 °C and an isotropic liquid at 202 °C upon heating. On cooling 
at a rate of -5 ºC/min the isotropic liquid to Colh phase transition occurred at 165 °C and 
crystallization into the soft crystal phase occurred at 6.06 °C (Scheme 6:2). The large 
hysteresis of the clearing temperature is unusual and indicates the large conformational 
freedom of the didodecyloxyphenyl groups that slows down the formation of columnar π-
π stacks. 
Compound 3 exhibited a dendritic texture at 150 °C upon cooling, which was common 
for columnar mesophase (Figure 6:3). Homeotropically aligned domains generated most 
of the dark areas of the image. Compound 4 exhibited a marbled-like texture by POM on 
heating at 120 °C and did not identify a specific mesophase. 
      
Figure 6:3 POM photomicrographs of compound 3 and 4 sandwiched between glass slides at 150 °C on 
cooling (left) and 120 °C upon heating (right). A dendritic texture 3 and a marbled-like texture 4 of are 
observed. The observed micro-domain texture of 4 is unspecific and not useful for the identification of a 
mesophases.  
 
The diffraction patterns of 3 confirmed the presence of a Colh because the (11) 
reflection was observed in addition to the (10) reflection in the small-angle region and a 
cell parameter of 37.1 Å was calculated (Figure 6:4). The only other distinct reflection 
was a broad diffuse halo at 4.56 Å in the wide-angle region that indicated an amorphous 
(liquid like) state of the aliphatic side-chains. A very broad and weak reflection at about 
3.6 Å suggested a rather short range intracolumnar stacking order and similarly broad 
and weak reflections between 2-theta values of 8 and 15 may be cause by short range 
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periodic packing of the phenyl groups. 2-Dimensional diffraction patterns of aligned 
monodomains were required for a possible assignment of these reflections. 
A reflection for the intracolumnar stacking was observed in the low temperature 
mesophase that was preliminarily classified as a columnar soft crystal phase because of 
the partially crystalline state of the aliphatic chains. A partial crystallization of the 
aliphatic chains was also in agreement with the high transition enthalpy of >20kJ/mol. 
However, more detailed diffraction work must be conducted for a proper identification of 
this low temperature Col phase. 
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Figure 6:4 VT-XRD of 3. (a) First heating at 25 °C (Soft Cry); (b) First heating at 80 °C (Colh. The broad 
peak in high-angle (19°) region indicates the halo of side chains); (c) First cooling at -10 °C (Soft Cry. The 
sharp peak in high-angle (21°) region indicates a partially crystalline state of the side-chains).  
 
Compound 4 exhibited a columnar mesophase at room temperature that reversibly 
converts into a hexagonal columnar mesophase (Colh) at 71.3 °C upon heating and back 
into the low temperature phase on cooling at 46.9 °C. A second reversible transition was 
observed by DSC at 106 °C but the XRD pattern was still that of a Colh mesophase 
(Figure 6:5). The only observed difference between the diffraction patterns of the two 
Colh phases was a weak but sharp reflection at 3.5 Å in addition to the broad weak 
reflection at 3.6 Å. Both reflections may be caused by the π-π stacking but more detailed 
XRD investigations, ideally on aligned samples, were required for elucidating the 
structural differences of all three columnar mesophases. 
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Figure 6:5 VT-XRD of 4. Reversible phase transition of 4 between Colr and Colh at about 75 °C. (a) First 
heating at 25 °C (Col); (b) First heating at 80 °C (Colh1); (c) First heating at 120 °C (Colh2); (d) First cooling 
at 25 °C (Col).  
 
Compound 4 did not form an isotropic liquid but decomposes at temperatures beyond 
200 °C at which a 3% mass loss was observed in thermal gravimetric analysis (TGA) 
under He gas. Clearly, the extension of the conjugated system in 4 lowered thermal 
stability since compound 3 was stable up to 250 °C. The overall small transition 
enthalpies for 4 indicated that the structural changes between the columnar mesophases 
were small and all might consist of hexagonal lattices but with different degrees of 
stacking orders.  
The Colh phases at 80 °C and 120 °C were unambiguously identified by the presence 
of higher order reflections of the (10) reflection including the (11) reflection (see Table 
S6:3). The cell parameter and lattice areas decreases slightly from 39.2 Å and 1327 Å2 
at 80 °C to 38.4 Å and 1190 Å2 at 120 °C. Other observed reflections included the halo of 
the amorphous aliphatic chains at 4.7 Å and a broad reflection for the intracolumnar 
stacking order of 3.61-3.64 Å. 
Both compounds 3 and 4 absorbed light, but only 3 was weakly fluorescent (Figure 
6:6). Absorption maximum for the lowest energy excitations of compounds 3 and 4 were 
at 470 nm in CH2Cl2 solution and 491 nm in CHCl3 solution, respectively, and the 
emission maximum of 3 was at 628 nm. The bathochromic shift of the absorption of 
compound 4 when compared to 3 was expected because of the enlarged conjugated 
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system of 4. An unusually large Stokes shift (158 nm) for a rigid polyaromatic compound 
3 was explained with an intramolecular charge transfer (ICT) state. DFT (B3LYP/6-
31g(d,p)) calculations confirmed that both compounds 3 and 4 had distinct intramolecular 
donor-acceptor structures. The observed broad featureless emission and solvent 
dependence of the emission spectra was also consistent with the presence of an ICT 
state. When comparing the absorption from a solution to a thin film, both compounds 
revealed a blue shift, which indicated that the molecules formed an H-type aggregate in 
solid state. Such an interaction enhanced as the temperature increased and was also 
reversible upon cooling (see Figure S6:5 and S6:6). 
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Figure 6:6 UV-Vis spectra and fluorescence excitation of 3 in CH2Cl2 solution (8.19 × 10-6 M) and 4 in 
CH2Cl3 solution (6.73 × 10-6 M). Excitation of compound 3 at 470 nm produces a weak emission spectrum at 
628 nm, while fluorescence of 4 is below our detection limit. 
 
Due to the low solubility of compound 4, only 3 in DCM was successfully studied by 
cyclic voltammetry (CV), which used a three-electrode electrochemical cell with 
Bu4NClO4 (0.1M) as electrolyte and Ag/AgCl as reference electrode, to determine 
approximate energy values of HOMO and LUMO orbitals.37 Compound 3 was reversibly 
reduced at E1/2 = -0.97 V and E1/2 = -1.26 V in CH2Cl2 solution and irreversibly oxidized at 
Ep = +1.26 V and Ep = +1.45 V vs Ag/Ag+. Based on the redox potentials in solution and 
by using ferrocene as the reference, EHOMO and ELUMO were estimated to -5.49 eV and -
3.35 eV, respectively. The calculated electrochemical Egap of 2.14 eV was in accordance 
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with the optical Egap of 2.34 eV in CH2Cl2 solution and 2.25 eV as thin film on quartz 
(Egap= 1240/λonset). The reversibility of the reduction may suggest that compound 3 can 
function as a stable electron acceptor. 
EHOMO and ELUMO of compound 4 were estimated based on the optical Egap and DFT 
calculations. The optical Egap was 2.01 eV in solution and 1.91 eV in film while the Egap 
calculated by DFT was 2.48 eV and expectedly smaller than for compound 3 (2.34 eV 
(optical), 2.75 eV (DFT)). EHOMO and ELUMO estimated by DFT calculations were -5.02 eV 
and -2.54 eV, respectively, in comparison to -5.32 eV and -2.57 eV for compound 3. The 
enlargement of the conjugated system expectedly increased EHOMO but ELUMO appeared 
to be little affected. However, the ELUMO value of 3 was 0.8 eV higher than the measured 
value, while the EHOMO values showed very good agreement. Clearly, the chosen DFT 
method did not seem to calculate ELUMO very accurately if we considered the value 
obtained by CV as more reliable. 
PR-TRMC measurements of 3 were performed between 0 °C and 100 °C. For the 
pristine sample, a room temperature mobility of ~0.02 cm2V-1s-1 was obtained (Figure 
6:7). No clear transitions in mobility that corresponded to the phase transitions were 
observed; however, heating the sample above room temperature resulted in an 
irreversible decrease in the charge carrier mobility. Even cooling below 0 °C did not 
result in a recovery of the conductivity. The reason for this phenomenon was unclear but 
had likely to do with a slightly different packing in the as precipitated material evidenced 
by the broad (10) reflection in the XRD pattern (Figure 6:5). A similar drop in mobility 
was previously observed for HATNA compounds substituted with long linear alkyl chains 
(C10 and C12).32,40 
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Figure 6:7 Charge carrier mobility as a function of temperature for 3 (left) and 4 (right).  
 
The mobility obtained for 3 was an order of magnitude smaller than previously obtained 
values for the HATNA compounds with linear side chains. This large difference may be 
explained with a packing structure in which each unit is rotated by 60° to allow a 
staggered orientation of the out-of-plain phenyl rings (Figure 6:8). This packing structure 
corresponds to a minimum in the electronic coupling between neighboring molecules.37 
More importantly, the packing would imply that the electronic interactions between the 
dialkoxyphenyl rings are minimal, which provides a minimal charge transfer integral 
between HOMOs. Consequently, this compound should exclusively conduct electrons 
because the charge transfer integral between LUMOs remains. However, this 
assumption must be confirmed by presently conducted ToF charge carrier mobility 
measurements that are sensitive to the type of charge carrier whereas PR-TRMC 
measurements only provide an average value for both charge carriers. 
 
Figure 6:8 Stacked dimer of 3 (left) and 4 (right) with a rotation of 60° but not shifted off center. 
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Surprisingly, compound 4 gave a slightly lower mobility value than for 3 with about 
0.005 cm2V-1s-1. This was not expected because a better electronic interaction was 
expected between all parts of this planar molecule. However, a preferred arrangement in 
the stacks similar to what was proposed for 3 with every other molecule rotated by 60° 
would certainly resulted in the same lack of charge transfer interactions of the HOMOs in 
columnar stacks of compound 4 (Figure 6:8) The same bias of electron over hole 
conduction would be the result. 
PR-TRMC measurements were performed for the compound 4 between -25 °C and 
100C. As for 4, the conductivity values did not change at the phase transition but slight 
increased with increasing temperature (Figure 6:7). 
6.3. Conclusion 
In summary, we reported a new class of star-shaped liquid crystals 3 and 4 based on a 
diquinoxalino[2,3-a:2',3'-c]phenazine core that form hexagonal and rectangular columnar 
mesophases over a wide temperature range. It was found that 4 self-assembled into a 
rectangular columnar mesophase after crystallizing from solvent. 3 only formed an isotropic 
liquid phase below its decomposition temperature. Formation of an isotropic liquid phase 
was important for processing these materials into ordered arrays.15,41,42 All of the potential 
properties of compounds 3 and 4 were expected to result in high charge carrier mobility, but 
PR-TRMC measurements showed small mobilities (0.02 and 0.01 cm2V-1s-1 for 3 and 4, 
respectively). This is reasoned with suppressed holeconduction for a stacking structure 
where every molecule is rotated by 60°, which results a minimum in the electronic coupling 
between occupied frontier orbitals.15,16,43-45 ToF measurements are presently conducted to 
confirm the types of conducted charge carriers.  
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6.4. Supporting Information (SI) 
Synthesis 
Chemicals 
All reagents and solvents were purchased from Sigma-Aldrich and Fluka Chemical 
Companies and used as purchased unless otherwise stated. Drying agents (MgSO4 as 
well as 3 Å and 4 Å molecular sieves) were purchased from VWR. 1-Propanol and 
methanol were dried over 4 Å and 3 Å molecular sieves, respectively. Tetrahydrofuran 
and diethyl ether were obtained from a solvent purification system (Innovative 
Technology Inc. MA, USA, Pure-Solv 400). Silica gel 60 (35-70mesh ASTM, from EM 
Science, Germany) was used for column chromatography and Silica Gel 60 aluminum 
backed sheets (EM Science, Germany) for thin layer chromatography. 
Methods and Instrumentation 
1H-NMR & 13C-NMR spectra were obtained on Bruker NMR spectrometers (DRX 500 
MHz, DPX 300 MHz and DPX 300 MHz with auto-tune). The residual proton signal of 
deuterated chloroform (CDCl3) functioned as a reference signal. Multiplicities of the 
peaks are given as s = singlet, d = doublet, t = triplet, and m = multiplet. Coupling 
constants are given in Hz and only calculated for 1st-order systems. Data are presented 
in the following order (multiplicity, coupling constant, integration).  
Fourier Transform Infrared spectra (FT-IR) were obtained on a Bruker Vector 22. 
Relative peak intensities in IR are abbreviated as vs = very strong, s = strong, m= 
medium, w = weak, br = broad. Liquid samples were performed as films on potassium 
bromide plates and solid samples were run as potassium bromide pellets. Mass 
spectrometry measurements were performed by Kirk Green at the Regional Center for 
Mass Spectrometry (McMaster University) and Jiaxi Wang at the Mass Spectrometry and 
Proteomics Unit (Queen’s University). UV-VIS absorption spectra were run on a Varian 
Cary 50 Conc UV-Visible Spectrophotometer. Photoluminescence spectra were recorded 
with a PerkinElmer LS50B Luminescence spectrometer. 
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Synthesis of hexaketocyclohexane octahydrate (1):37 Powdered rhodizonic acid, 
disodium salt  (100 mg,  0.47 mmol) was added in portions to a stirred, ambient 
temperature solution of 25% HNO3 30 mL over a period of 10 min. The temperature of 
the vigorous reaction was controlled at 50 °C. The resulting clear, light yellow solution 
was cooled at 5 °C in the fridge. White crystals formed and were collected by filtration, 
washed with cold water, and dried to give a white solid 1 (127 mg, 87%). 
Synthesis of 2,3,8,9,14,15-hexakis(3,4-bis(dodecyloxy)phenyl)diquinoxalino[2,3-
a:2',3'-c]phenazine (3): A solution of terphenyl 2 (70 mg, 0.07 mmol; synthesized in 
chapter 2) and 1 (7.5 mg, 0.024 mmol) in 25 mL acetic acid was degassed and heated at 
120 °C for 18 h. The mixture was cooled to room temperature, and extracted by DCM (2 
× 100 mL). The crude product was dried under vacuum and purified by column 
chromatography on silica gel with chloroform as the eluent to afford a red solid 3 (59 mg, 
80%). IR (KBr) ʋmax (cm-1): 2918, 2849, 1731, 1598, 1516, 1456, 1257. 1H NMR (300 
MHz, CDCl3): δ (ppm) 8.72 (s, 6 H), 6.95 (dd, J = 1.2 Hz and 8.2 Hz, 6 H), 6.88-6.85 (m, 
one singlet and one doublet are overlaped, 12 H),  4.03 (t, J = 6.4 Hz, six triplets are 
overlapped, 12 H), 3.79 (t, J = 6.4 Hz, six triplets are overlapped, 12 H),  1.85 (quintet, J 
= 6.8 Hz, 12H), 1.74 (quintet, J = 6.3 Hz, 12H), 1.48-1.27 (m, 234 H, H2O and Halkyl), 0.88 
(m, 36H). 13C NMR (300 MHz, CDCl3): δ (ppm) 149.02, 148.69, 145.89, 143.75, 142.96, 
132.66, 130.99, 122.55, 115.67, 113.18, 69.27, 32.07, 29.83, 29.65, 29.53, 29.28, 26.22, 
22.84, 14.26.. Anal. Calcd for C204H324N6O12: C, 80.26; H, 10.70; N, 2.75. found: C, 80.34; 
H, 11.01; N, 2.64. MALDI-MS m/e for C204H325N6O12 calcd (MH+) 3051.5006, found 
3051.5012 (MH+). UV-Vis absorption (ε) of 8.2E-06 M solution in DCM: 291 nm 
(5.8E+04), 345 nm (4.9E+04), 473nm (4.4E+04). Fluorescence of 8.2E-07 M solution in 
DCM: λmax 628 nm. 
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Figure S6:1 1H-NMR (up) and 13C-NMR (down) of 3 in CDCl3. 
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Figure S6:2 2D-NMR (HMQC) of 3. 
 
 
Figure S6:3 2D-NMR (HMBC) of 3. 
 
Synthesis of Phenanthroquinoxaline (4): A solution of 3 (70 mg, 0.02 mmol) in DCM 
was degassed and added BF3·Et2O (0.14 mmol) followed by VOF3 (17.5 mg, 0.14 mmol) 
in the glove-box. The reaction mixture was stirred for 30 min and quenched with 5 mL 
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dry MeOH for 5 min. The mixture was extracted by water and CHCl3 (3 × 100 mL). The 
crude product was dried under vacuum and purified by column chromatography on silica 
gel with CHCl3 to afford a black solid 4 (50 mg, 70%). IR (KBr) ʋmax (cm-1): 2920, 2849, 
1734, 1663, 1610, 1518, 1459, 1427, 1267. 1H NMR (300 MHz, CDCl3): δ (ppm) 9.13 
(sbroad, 6 H), 7.94 (sbroad, 6 H), 7.39 (sbroad, 6 H), 4.30 (sbroad, six triplets are overlapped, 
12H), 4.11 (sbroad, six triplets are overlapped, 12 H), 2.10-2.01 (m, 24 H), 1.71-1.33 (m, 
264 H, H2O and Halkyl), 0.90 (m, 36H). 13C NMR (300 MHz, CDCl3): δ (ppm) 150.50, 
149.22, 143.48, 140.29, 133.02, 124.84, 123.27, 122.57, 107.39, 106.56, 69.28, 69.10, 
32.13, 30.15, 30.04, 29.95, 29.64, 26.60, 22.85, 14.24. Anal. Calcd for C204H318N6O12: C, 
80.42; H, 10.52; N, 2.76. found: C, 80.31; H, 10.35; N, 2.60. MALDI-MS m/e for 
C204H319N6O12 calcd (MH+) 3045.4536, found 3045.4540 (MH+). UV-vis absorption (ε) of 
6.7E-06 solution in DCM: 271 nm (10.6 E +04), 325 nm (7.9 E +04), 440 nm (8.6 E +04).  
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Figure S6:4 1H-NMR (up) and 13C-NMR (down) of 4 in CDCl3.  
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Variable Temperature UV-Vis Absorption 
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Figure S6:5 UV-Vis of 3 in CH2Cl2 solution (8.19 × 10-6 M) and as thin film at various temperatures. 
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Figure S6:6 UV-Vis of 4 in CH2Cl2 solution (6.73 × 10-6 M) and as thin film at various temperatures. 
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Electrochemistry (EC) 
Cyclic voltammetry (CV) was performed on a standard one-compartment, three-
electrode cell connected to an Electrochemical Analyzer BAS 100B/W (Bioanalytical 
Systems). A glass carbon disk (3-mm diameter) was used as working electrode with a Pt 
wire as the counter electrode and an Ag/AgCl electrode as the reference electrode. 
Solvents were obtained from a solvent purification system (Innovative Technology Inc. 
MA, USA, Pure-Solv 400) and tetrabutylammonium perchlorate (TBAClO4) of 
electrochemical grade was used as supporting electrolyte (Aldrich). Ferrocene (Fluka) 
functioned as the internal standard and all measurements were conducted under dry 
argon. Energy gap (Eg) and LUMO energy levels were calculated according to 
Eg=1240/λonset. 
 
Figure S6:7 Cyclic Voltammetry of 3 at GCE 8.5 x 10-5 M in CH2Cl2. 
 
Table S6:1 Redox Properties of 3 in solution at Galssy Carbon Electrode. 
 
Comp. E1/2
red vs. Ag/Ag+ 
(eV) a Egap (eV)
 b E1/2
ox vs. Ag/Ag+ 
(eV) 
EHOMO 
(eV) c 
ELUMO 
(eV) c 
3 -0.97 (1st), -1.26 (2nd) 2.14 1.17 -5.49 -3.35 
 
a E1/2 = (Ep,a+Ep,c)/2 at 100 mVs-1. b ∆E = E1/2 (first oxidation) - E1/2 (first reduction) = HOMO-LUMO gap. c eV 
= - [E1/2 - (0.48 V)] - 4.8 eV (0.48 V is the averaged E1/2ox of ferrocene/ ferrocenium (Fc) versus Ag/Ag+; 
measured value of  E1/2 is 0.48 V in CH2Cl2 solution. 
 
Ep = +1.26 V 
E1/2 = ~ +1.17 
Ep = +1.45 V 
E1/2 = -0.97V 
E1/2 = -1.26 V 
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Computational Studies with Gaussian 03 (DFT-B3LYP/6-31g(d,p)) 
Table S6:2 Calculated HOMOs and LUMOs of 3 and 4 in vacuum. 
 
EHOMO (DFT) : -5.32 eV 
EHOMO (EC) : -5.49 eV 
3 
ELUMO (DFT): -2.57 eV 
ELUMO (EC): -3.35 eV 
Egap (DFT): 2.75 eV 
 
Egap (EC): 2.14 eV 
EHOMO (DFT) : -5.02 eV 4 ELUMO (DFT) : -2.54 eV 
 
Egap (DFT): 2.48 eV 
 
Optical Egap: 2.01 eV
 
183 
Mesomorphism 
Polarized light microscopy was performed on an Olympus TPM51 polarized light 
microscope that was equipped with a Linkam variable temperature stage HCS410 and 
digital photographic imaging system (DITO1).  Calorimetric studies were conducted on a 
Mettler Toledo DSC 822e and thermal gravimetric analysis was performed on a Mettler 
Toledo TGA SDTA 851e.  Helium (99.99%) was used to purge the system at a flow rate 
of 60 mL/min.  Samples were held at 30 °C for 30 min before heated to 550 °C at a rate 
of 5 °C/min.  All samples were run in aluminum crucibles. XRD measurements were run 
on a Bruker D8 Discover diffractometer equipped with a Hi-Star area detector and 
GADDS software package. The tube is operated at 40 kV and 40 mA and CuK 1 　
radiation (=1.54187 Å) with an initial beam diameter of 0.5 mm is used.  A modified 
Instec hot & cold stage HCS 402 operated via controllers STC 200 and LN2-P (for below 
ambient temperatures) was used for variable temperature XRD measurements. 
Thermal Gravimetric Analysis (TGA) 
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Figure S6:8 TGA of compounds 3 (solid) and 4 (dash) at 2 °C/min under He. All these compounds are 
decomposed (3% weight loss) at 250 °C, 200 °C, respectively. 
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Differential Scanning Calorimetry (DSC) 
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Figure S6:9 DSC graphs of 3 at 10 °C/min under N2. In the first heating, the transition to an isotropic liquid is 
observed at 202 °C by POM but not visible in any DSC runs because the molecular dynamics is too quick to 
be detected. The small peak at 49 °C indicates that some molecules form a crystal phase with a higher 
degree of crystallinity when crystalizing from a solvent, resulting in another higher melting temperature. Up 
on the first cooling to 165 °C, 3 forms the corresponding L.C. mesophase. A crystal phase with a low degree 
of crystallinity is observed at 6.06 °C.  
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Figure S6:10 DSC graphs (baseline corrected) of 4 at 5 °C/min under N2. Upon two runs of heating, 
compound 4 exhibits two Colh mesophase at 71.3 and 106 °C based on XRD analysis. However, upon 
cooling, the transition from a Colh1 phase to a Col phase is lowered down to 46.9 °C. Such lower 
temperature and smaller enthalpy indicate that there is fewer the degree of order changed.   
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Table S6:3 Detailed indexation at a given temperature of all liquid-cyrstalline phases of 3 and 4. (2θ is the 
scattering angle; dobs and dcalc are the corresponding spacing (in Å) which are observed and calculated 
respectively; I is the intensity of the diffraction signal; hk is the indexation of the two-dimensional lattice; a 
and b are the lattice parameters; S is the lattice area.) 
 
3 
T 
(°C) 2θ (°) 
dobs 
(Å) I (%) 
hk 
(P6mm) 
dcalc 
(Å) 
Colh, P6mm 
a= 37.1 Å 
Sh= 1190 Å2 80 
2.75 32.1 100 10 32.1 
4.76 18.6 1.8 11 18.5 
19.5a 4.56 3.9 
4 
T 
(°C) 2θ (°) 
dobs 
(Å) I (%) 
hk 
(C2mm) 
dcalc 
(Å) Colr, 
C2mm* 
a= 66.4 Å 
b= 37.2 Å 
Sr= 2470 Å2
hk 
(P2gg) 
dcalc 
(Å) Colr,  
P2gg* 
a= 64.9 Å 
b= 38.6 Å 
Sr= 2505 Å2 
25 
2.66 33.2 100 20 33.2 11 33.2 
2.72 32.5 98.2 11 32.5 20 32.5 
7.42 11.9 2.9 13 12.2 23 11.9 
9.82 9.00 2.3 24 8.96 34 8.82 
20.6a 4.3 5.6 
T 
(°C) 2θ (°) 
dobs 
(Å) I (%) 
hk 
(P6mm) 
dcalc 
(Å) 
Colh1, P6mm 
a= 39.2 Å 
Sh= 1327 Å2 80 
2.60 33.9 100 10 33.9 
4.40 20.1 1.8 11 19.6 
6.64 13.3 1.7 21 12.8 
7.77 11.4 1.7 30 11.3 
9.08 9.73 1.6 23 9.79 
19.1a 4.64 2.5 
 24.6
b 3.61 1.7 
25.6b 3.48 1.6 
T 
(°C) 2θ (°) 
dobs 
(Å) I (%) 
hk 
(P6mm) 
dcalc 
(Å) 
Colh2, P6mm 
a= 38.4 Å 
Sh= 1275 Å2 
(More detailed pXRD studies on aligned 
samples are presently conducted and will be 
presented in the future work) 
120 
2.66 33.2 100 10 33.2 
4.62 19.1 2 11 19.2 
5.43 16.3 1.8 20 16.6 
6.83 12.9 1.8 21 12.6 
7.77 11.4 1.9 31 11.1 
11.3 7.83 1.7 32 7.62 
18.9a 4.69 3.2 
 24.5b 3.64 2.3 
 
a Diffuse broad reflection (halo) of aliphatic side-chains in an amorphous (molten) state; b Stacking distance 
in the columnar arrangement.* More detailed pXRD studies on aligned compound 4 are presently conducted 
to confirm the type of symmetry of the Colr phase.  
 
Calculation of unit cell areas and cell parameters “a” and “b” for 2-dimensional 
hexagonal and rectangular patterns are given below. 
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Transitions from Colr to Colh are common in disc- and board-shaped liquid crystals but 
we do not observe any lamellar mesophases that have been reported for other board-
shaped liquid crystals. 
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Figure S6:11 Dose normalized conductivity transients for 3 at room temperature before and after annealing.  
 
Table S6:4 The charge carrier mobility as a function of temperature for 3. 
Temperature (C) Mobility (cm2V-1s-1)
25 0.0191
50 0.0153
75 0.0073
100 0.0115
75 0.0075
50 0.0055
25 0.0038
0 0.0038
25 0.0038
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Figure S6:12 Conductivity transient at room temperature for 4. 
 
Table S6:5 The charge carrier mobility as a function of temperature for 4. 
Temperature (C) Mobility (cm2V-1s-1)
25 0.0066
50 0.0081
75 0.0082
100 0.0090
75 0.0082
50 0.0073
25 0.0060
0 0.0061
-25 0.0048
0 0.0058
25 0.0071
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Chapter 7. Conclusions and Future Work 
Several new synthetic approaches to new donor-acceptor columnar liquid crystals 
have been developed that all have the ortho-diaminoterphenyl and ortho-
diaminotriphenylene motives as common structural elements. The diamino precursors 
were successfully condensed with ketones to board-shaped 
quinoxalinophenanthrophenazine derivatives and star-shaped hexaazatriphenylene 
derivatives or converted to triphenylenoimidazolium discotic liquid crystals. 
All these compounds, except for the triphenylenoimidazole derivatives, display 
columnar mesomorphism. Their donor-acceptor structures not only influence the 
electronic properties of these compounds but also their absorption and fluorescence 
properties. Particularly fascinating is the observed temperature dependent fluorescence 
of columnar mesophases of the board-shaped quinoxalinophenanthrophenazine 
derivatives as thin films. The star-shaped hexaazatriphenylene derivatives appear to bias 
electron over hole conduction, similar to our previously reported benzotrithiophenes 
(Demenev, Chem. Mater. 2010 DOI: 10.1021/cm902453z), but detailed investigations by 
ToF mobility measurements will have to confirm this. Measurements on the electronic 
properties of the other columnar donor-acceptor discotic liquid crystals are also still in 
progress. Most interesting will be the results for the ionic triphenylenoimidazole 
derivatives since the electronic properties of only very few ionic discotic liquid crystals 
have been reported and are in parts inconsistent. 
Consequently, future work should focus on the synthesis and investigation of more 
triphenylenoimidazole and triphenylenoimidazolium derivatives to fully probe their 
mesomorphism and materials properties. However, diaminotriphenylene is a potentially 
versatile precursor for many other heterocycles and a further exploration of its chemistry 
is a promising endeavor. Possible new five-membered rings generated from the ortho-
diaminobenzene structure are diazaphospholes and diazaboroles that should show 
exciting optical and electronic properties. 
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